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Abstract 
This thesis presents the results of a study of the kinetics of reduction of tin ore/Auschar 
composites. The experiments are carried out by means of two particular systems. The first 
system uses the gas flame of acetylene and oxygen flow stream as energy source while 
the second system uses microwave as energy source. They are referred to as gas heating 
and microwave heating respectively. 
The reduction of tin ore/Auschar composite by gas heating is considered to be affected by 
a number of factors such as 1) the mixing weight ratio of tin ore/Auschar; 2) oxygen flow 
rate; 3) acetylene flow rate; 4) compacting pressure used to make samples; and 5) heating 
time by a microwave oven. It is found that the reduction can only take place on the top 
surface of a sample, i.e. the surface directly reacting with gas stream. The resultant 
surface phenomena are experimentally examined. Furthermore, it is shown that the 
reduction of tin ore/Auschar composites can be described by a general rate equation. The 
effects of the pertinent factors mentioned above on the reduction rate are quantitatively 
investigated. 
The reduction of tin ore/Auschar composites by microwave heating is experimentally 
investigated. It is found that there is an inflexion point in the reduction process. 
Thermodynamic analysis indicates that this inflexion point results from the conversion of 
the gas product CO2 of the first stage of reduction into CO at a certain temperature. The 
effects of the compacting pressure used to make samples, the mixing weight ratio of tin 
ore to Auschar, and the particle size distributions of tin ore and Auschar on the reduction 
rate are experimentally examined. 
It is demonstrated that the reduction of tin ore/Auschar composites is to a great degree a 
solid-solid reaction proceeding through gaseous intermediates under the two experimental 
conditions so that it can be treated by means of ordinary methods though some "unusual" 
results can also be observed. 
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List of Symbols 
Ci constants, defined by eqns.(4.13)-(4.17) 
Csn Tin content of tin ore, here it equals to 0.745 
d particle size, |im 
D maximum particle size, )im, (here it equals to 125}im) 
F(d) cumulative weight particle size distribution, defined by eqn.(6.12), dimensionless 
Fr conversion fraction of tin at time t, defined by eqn.(3.2), dimensionless 
AFr drop of conversion fraction, dimensionless 
Fr,d conversion fraction of tin corresponding to the inflexion point, dimensionless 
AG fi-ee energy, J mol*^ 
AG° standard fi-ee energy, J mol* 
Kp ratio of the partial pressure of CO2 to CO, defined by eqn.(4.5), dimensionless 
mo number of experiments at zero level, dimensionless 
M distribution parameter, dimensionless 
N total number of experimentáis, defined by eqn.(3.8), dimensionless 
nw mixing molar ratio of SnOa to carbon, dimensionless 
n^ mixing weight ratio of tin ore/char, dimensionless 
Pm number of factors considered, dimensionless 
P sum of the partial pressures of CO and CO2, defined by eqn.(4.6), atm. 
r reduction rate constant, min.-i 
R gas constant per mole, equals to 8.31 J mol-i-K-i 
So initial effective contacting surface of the sample, cm^ 
St effective contacting surface of the sample after time t, cm^ 
t reaction time, min. 
T temperature, K or "C 
Tc critical temperature of reaction, K or °C 
Te equilibrium temperature of reaction, K or "C 
Ts starting temperature of reaction, defined by eqn.(6.6), K or °C 
AW amount of tin reduced per unit time per unit effective contacting surface area, g 
Wsn total amount of tin reduction after time t, g 
W%n total amount of pure tin in a sample, calculated by eqn.(3.2), g 
Wo original weight of a sample, g 
Xi(j) factors considered in the present study (refer to Table 3.4) 
Greek symbols 
Gsi surface tension between the solid and liquid 
Ggi surface tension between the liquid and gas 
Gsg surface tension between the solid and gas 
0 contact angle 
Y unknown variable in eqn.3.7, dimensionless 
Subscripts 
i,j integral number 
g gaseous state 
s solid state 
L liquid state 
1.0 INTRODUCTION 
Tin is a technologist's metal. The metal has a silvery colour. It is soft and has a low 
melting point and the liquid easily alloys with and wets other metals. The melting point 
and boiling point are 232°C and 2625"C, respectively. Its manifold applications reach 
into all aspects of life, though people are usually unaware of its presence [1]. 
But tin does not occur naturally as a metal. By far the most economically important tin 
mineral is cassiterite, a naturally occurring oxide of tin with the chemical formula Sn02, 
in its purest form it contains 78.6 per cent tin. The formation of the lower oxide of tin, 
SnO, is thermodynamically unfavorable [2]. Platteeuw and Meyer [11] showed 
experimentally that solid stannous oxide is unstable and decomposes into tin and tin 
dioxide at temperatures above 573°C. They also showed that the partial pressure PsnO 
over Sn02/Sn mixtures is small at low temperatures and is less than O.SmmHg at low CO 
contents in CO/CO2 mixtures. 
A large portion of work has been concerned with the reduction of metal oxide [3-10,12-
26]. The reduction of tin oxide by carbon is usually presented by the following equation 
[9]: 
Sn02(s) + C(s) = Sn(s,L) + C02(g) (1) 
However, from the results of earlier investigations on the reduction of metal oxides with 
carbon, the general agreement is that the consecutive reduction and oxidation reactions 
occur through the gaseous intermediates CO and CO2 [3-10], thus, the following schemes 
are expected to be valid for the carbothermal reduction of cassiterite: 
Sn02(s) + 2CO(s) = Sn(s,L) + 2C02(g) (2) 
C02(g) + C(s) = 2C0(g) (3) 
So the tin oxide reduction with carbon includes two gas-solid reactions. 
Gas-solid reactions play a major role in the technology of most industrialized nations. 
Gas-solid reactions encompass a very broad field including the extraction of metals from 
their ores (tin oxide reduction, the roasting of sulphide ores, etc.), the combustion of 
solid fuels, coal gasification, and so on. 
The kinetics of the gas-solid reaction, generally speaking, can be divided into two 
branches, firstly the kinetics of physical processes and secondly that of the chemical 
processes. The kinetics of reduction is mainly concemed with the reaction rates at which 
certain chemical processes proceed, it usually depends on the following factors [12]: 
1. the nature of reactants and products (such like: type, particle size, porosity, 
etc.); 
2. temperature; 
3. concentration (e.g. the mixing molar ratio or weight ratio of metal 
oxide/carbon of a sample); 
4. the presence of catalysts. 
Many investigations have been reported about the reduction of metal oxide by carbon. 
Although there is not difference in terms of research methods it is obvious that different 
reduction systems must be treated in different ways. 
The purpose of this work was to explore the factors affecting the kinetics of reduction of 
tin ore with brown coal char. Particular factors considered include (a) reaction 
temperature; (b) mixing ratio of tin ore/char; (c) compaction pressure to make cylinder 
samples and (d) pre-heating time by microwave energy. In addition, the effects of mixing 
ratio, compacting pressure and particle size distribution on the reduction of tin ore with 
char by using microwave energy have been studied so as to compare these results with 
those obtained by the conventional method. 
It is considered that these studies may enhance the existing understanding of the reduction 
of tin ore/char composites, and also provide useful information for practice. 
2.0 LITERATURE REVIEW 
§2.1 Reduction of Metal Oxides with Carbon 
General Introduction 
Reactions between solids are of considerable importance in the technology of material 
processing. For the purposes of classification these reaction systems may be divided into 
the following two main groups [12]: 
1. True solid-solid reactions, which take place in the solid state between two 
species in contact with each other or through the migration of species in the 
solid state. 
2. Reactions between solid reactants, which take place through gaseous 
intermediates. 
The reduction of metal oxides with carbon is an important means of extracting metal 
values. It could be a true solid-solid reaction, provided it is carried out at very low 
absolute pressure or in vacuum. This can be expressed as 
MeOn +nC =Me +nCO (2.1) 
However, the metal oxide reduction with carbon, when carried out at atmospheric 
pressure, is usually not a true solid-solid reaction but proceeds through gaseous 
intermediates. Therefore the reaction scheme should be written as 
MeOn(s) + CO(g) = nMe(s) + C02(g) (2.2) 
C02(g)+C = 2C0(g) (2.3) 
It is obvious that the overall reaction involves two coupled gas-solid reaction systems, 
namely, metal oxide reduction with carbon monoxide and the reaction of CO2 with solid 
carbon. It has been found that the overall rate is usually controlled by the oxidation of 
carbon expressed by eqn.(2.3). 
The reduction of iron oxide, stannic oxide, lead oxide, nickel oxide and copper oxide with 
carbon would constitute typical examples for the schemes shown in eqns.(2.2) and (2.3): 
Sn02 + 2CO = Sn + 2CO2 
MgO + CO = Mg + CO2 
3Fe203 + CO = 2Fe304 + CO2 
Fe304 + CO = 3FeO + CO2 
FeO + CO =Fe + C02 
C02+C = 2C0 
These metals play important roles in modem industries. Therefore, as reviewed in the 
next few sections, many studies have been done on the reduction of metal oxides by 
carbon. 
§2.2. Experimental Techniques and Method 
The experiment of reduction of metal oxide with carbon may be divided into five steps 
[12]: 
1. Preparation of solid; 
2. Measurement of reduction rates; 
3. Gas analysis; 
4. Auxiliary measurement for characterizing structure of solid; 
5. Experimental apparatus and design. 
In the following, the five steps will be discussed, separately. 
§2.2.1 Preparation of Raw Materials 
The rate of chemical reaction between gas and solid is frequently dependent on trace 
impurities, other species absorbed on the solid surface, and even the mechanical history 
of the surface [21,22]. For this reason it is necessary to use great care in comparing 
results of experiments on samples of solid that are apparently chemically identical but 
have been prepared in different ways. 
Usually the samples are shaped as 
1. Flat plate 
2. Long cylinder 
3. Sphere 
The most convenient ways of preparing sample from fine powder in a laboratory are 
pressing and pelletizing. 
Pressing Briquetting and extrusion are not attractive techniques for producing the limited 
numbers of pellets usually required in an experiment. Whenever possible, the use of 
binding agents (or die lubricants, etc) should be avoided since these may clog pores 
within the agglomerate or interfere with the chemical reaction between gas and solid If it 
is necessary to use a binder, one should be selected that does not react with the solid 
reactant or product or that can be driven off by gently heating. Water or volatile 
hydrocarbons are likely candidates. 
A conventional laboratory hydraulic press and suitable punches and dies can be readily 
used to produce disks, short cylinders, or any other shapes, and an isostatic press may be 
used. The powder is charged into a thin-walled rubber bag of the same shape as the 
agglomerate to be produced and the neck of the bag is sealed and placed in the isostatic 
press (the press is really an autoclave connected to a high-pressure pump and filled with a 
suitable liquid). 
Pelletizing is the production of spherical (or nearly spherical) particles in a pellet "wheel" 
or drum. Several designs are in use but they all operate by rolling the powder in the 
presence of some agent that causes the fines to cling together and form balls that gradually 
grow in size. A suitable machine can be built in a laboratory using a drum open at one 
end, with its axis inclined a few degrees to the horizontal. The drum is rotated about its 
axis by means of an electrical motor and variable-speed reduction gearing. A large number 
of pellets of uniform size are produced by this technique. But some spherical pellets can 
also be made by hand rolling [8]. 
§2.2.2 The Measurement of Reduction Rate 
Reduction rates have been usually measured by suspending a solid pellet within a 
controlled temperature environment (e.g. furnace) where it is reacted with a moving gas 
stream (e.g. reduction of metal oxide with carbon). The reaction product may be solid and 
gas (e.g. tin and CO). 
The techniques that may be used for following the progress of the reaction may be 
classified into following two groups: 
1. Measurement of weight changes in the properties of pellet (e.g. weight 
loss); 
2. Measurement of some changes in the properties of the gas down stream 
from pellet. 
The most popular techniques in Group 1 include the continuous measurement of the 
change of the weight of a pellet, the usual method is thermo-gravimetric method [7-10,19-
23]. The thermo-gravimetric method is to place several identical pellets, one at a time into 
an environment of gaseous reactant at the temperature under study for a given length of 
time and measure the weight change on a common laboratory balance . 
A more satisfactory approach is to suspend a pellet within the gaseous reactant 
environment from one arm of a laboratory beam balance. The weight change can then be 
followed as the reaction of one pellet proceeds, giving several points on a weight versus 
time curve from which the whole curve may be interpolated. Moreover, the measurements 
may be made continuous by using a recording balance. 
Several authors have used a quartz spring instead of a beam balance, the extension of the 
spring is followed through a window by a cathetometer and depends on the suspended 
mass. Examples of such work are Yannopoulus and Themelis [24], Landler and Komark 
[25]. At least one investigation has been carried out using a strain gauge weight 
transducer [26]. 
The most frequently used method in Group 2 involves the analysis of the gas stream for 
gaseous reduction products. They are simple in principle and offer immediately obvious 
advantage to the user as discussed below. 
§2.2.3 Gas Analysis 
The simplest means of continuous gas analysis is to measure the temperature of a heated 
filament in the gas [27]. As the gas composition changes, the temperature of the filament 
changes through one of the mechanisms considered in the following sections. The 
filament acts as both a source of heat and a detector of temperature changes. Filaments are 
made of platinum, nickel, or tungsten with good stability and high coefficient of 
resistivity. 
The temperature of a filament in a gas will be affected by almost any change in conditions. 
Thermal conductivity (TC) is the oldest method of continuous gas analysis using a 
physical principle and belongs to filament methods. In TC analysis the sample gas is 
passed through a cell containing the heat filament in a container. TC analysis has been 
successfully used for many purposes as discussed in [27]. 
Table 2.1 Thermal conductivities of some gases relative to air [27] 
Formula at 0°C at lOO'C 
O2 1.013 11.01 
CO 0.96 0.96 
CO2 0.61 0.70 
Gas chromatography (GC) might be used to improve the accuracy of gas analysis, it is the 
most versatile and selective of the methods available for gas analysis. Components of the 
sample are separated on an analytical column and detected individually, many components 
can be monitored at once, or one component can be measured in a mixture containing 
other similar components. The selectivity is its main advantage. The disadvantages are 
that it is discontinuous in nature, that analysis time is too slow for some applications and 
that it is more complex than most analysis. 
Infrared analysis: All components with a covalent bond except the simple nonpolar 
diatomic gases, such as O2, N2, H2, CI2, have characteristic spectra in the infrared 
region. This means that all common gases, except O2, N2, H2, CI2, and inert gases and 
all organic vapours, can be determined by measuring the absorption of the infrared 
radiation. The nondispersive infrared gas analysis is the most widely used gas analysis. 
Although not as versatile or selective as the gas chromatography it does have a good 
degree of selectivity and considerable advantages in simplicity and directness of reading. 
It may seem surprising that some 80 per cent of infrared analyses in use are for 
monitoring CO and CO2, where a high selectivity is attainable, but this emphasizes the 
importance of these two gases in industry and environment, rather than the limitation of 
the method. 
§2.2.4 Auxiliary Measurement for Characterizing the Structure of Solid 
The rate of reaction between a solid and a gas may depend quite strongly on the size of the 
solid particles that make up the solid agglomerate. 
Probably the simplest technique for particle size measurement is sieving. Conventional 
woven-wire screens are used to obtain particle size distributions. Most of the particles fall 
into the range of 50 p.m to 1 cm. 
Microscopy is perhaps most reliable (and tedious) technique which yields information on 
particle shape as well as particle size distribution of powders. 
The X-ray line-broadening technique is capable of high accuracy in the range of about 
0.005-0. l}j.m, provided the particles whose size is to be measured are individual crystals. 
This method is much less satisfactory if the particles are amorphous or made up of a 
number of crystals. Many investigators have used this method to analyze the structure of 
product for reduction of metal oxide with carbon [18,28]. 
§2.2.5 Experimental Apparatus 
Studies on the reduction of metal oxide by carbon have been carried out extensively. 
Generally, the experimental apparatus consists of a furnace, quartz tube, gravimetric 
system and temperature controlling system. Here are some examples of experimental 
apparatus[12,13,18,29]. 
Fig.2.1 is a photograph of a conventional furnace. 
Fig.2.2 is a schematic diagram of typical system for studying gas-solid reactions using a 
recording balance. 
Fig.2.3 is a modified gravimetric apparatus for measuring the rate of solid-solid reactions. 
Fig.2.4 indicates that Nitrogen gas is sent into the lower part of a silica tube placed at the 
centre of an electric furnace, a silica cup containing the test sample is suspended by a 
platinum chain at the reduction of powdery ferric oxide mixed with graphite particles. 
Fig.2.5 is the apparatus for the reduction kinetics study of chromium oxide by hydrogen. 
These experimental apparatuses are very common in the study of the kinetics of reduction 
of gas-solid or solid-solid reaction. 
Fig 2.1 Photograph of a typical tabular resistance furnace ji2 
Fig.2.2 Schematic diagram of the gravimetric apparatus for measuring 
gas-solid reaction rates [ j ^ 
Pocked bed 
Fig.2.3 Modified gravimetric apparatus 
for measuring the rate of solid-solid reactions [l2 
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Pig.2.5 Scheme of apparatus of the kinetics of reduction of chromium oxide by hydrogen [18] 
1 2 
§2.3 Previous Experimental Work 
The kinetics of reduction of metal oxides by carbon is usually regarded as a solid-solid 
reaction in extraction metallurgy. Studies on the reduction of metal oxides by carbon have 
been carried out extensively [3-10,10,25]. Baldwin [3], in an attempt to elucidate the 
mechanism of "direct reduction" in tiie blast furnace, showed that the reduction of iron 
oxide by coke occurred almost exclusively by gaseous reactions. Furtiier studies carried 
out since by various investigators clearly demonstrated tiiat the reduction of iron oxide by 
carbon takes place by means of the gaseous intermediate. 
The kinetics of reduction of iron oxide by carbon is fundamental and has been studied by 
a number of investigators [3-7,13,15,16,18-20]. Otsuka and Kunu [13] studied the 
reactions between ferric oxide and graphite powders. They found that the reaction rates 
were very sensitive to both the particle size and to the relative proportion of the solid 
reactants. Fruehan [19] reported the rate of reduction of Fe203 by coconut charcoal, coal 
char and coke, in an inert atmosphere within the temperature range 900-1200°c» where 
the effects of pressure, particle size, and the amount of carbon on the reduction were 
determined. Some of tiieir results are given in Figs.2.6-2.7. Rao [20] studied the kinetics 
of reduction of hematite by carbon, and as shown in Figs.2.8-2.10, not only similar 
results have been obtained, but the remarkable catalytic effect of small amounts of metals 
and oxide has been observed. Single pellet experiments have been carried out by 
Srintvasan and Lahiri [7] in a nitrogen atmosphere to study the reduction of hematite by 
graphite in tiie temperature range 9 2 5 - 1 0 6 5 T h e effects of variables such as C/Fe203 
molar ratio, temperature, size and CO2/CO ratio have been investigated. Calculations 
showed a similar variation of CXVCO ratio prevailing inside the sample, the results are 
shown in Fig.2.11. 
On the otiier hand, some investigators were involved in the studies of the kinetics of 
reduction of other metal oxides by carbon. The reduction of nickel oxide with various 
Fig.2.6 Rate of reduction of Fe203 with coal char [19]. 
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Fig. 2.7 Effect of particle size 
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Fig.2.8 The effect of particle size of carbon on the reduction of hematite [20]. 
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Fig.2.12 Theoretical equilibrium ratio PC02/PC0 as a function 
of temperature for SnOireduction [9]. 
forms of carbon were studied by Sharma et al. [14], who paid particular attention to the 
role played by the reactivity of the carbon employed. Kohl and Marincek [15,16] studied 
the reaction of iron oxide, nickel oxide, and cobalt oxide with graphite over the 
temperature range 920-1200°C but used a rather simple rate expression for the 
interpretation of their data. The rate of reduction of MgO by carbon in atmospheres of Ar, 
He, and CO from 1475 to 1600°C has been investigated by Fruehan and Martonik [23]. 
In more recent studies of solid-solid reactions, Williams, et al. [17] reported the kinetics 
of reduction of nickel chloride with hydrogen in the temperature range 533K to 788K. 
The effects of temperature, sample size, granule size, and hydrogen partial pressure on 
the reduction kinetics were investigated. It was found that in the temperature range 533-
65 IK the reduction is dominated by chemical kinetic factors. At higher temperatures 
diffusion effects appear to become quite significant. 
In 1979, Padilia and Sohn [9] studied the reduction of stannic oxide with carbonaceous 
materials in the temperature range 1073 to 1273K. The effects of the type, the particle 
size, and the relative amount of carbon were studied. Their results indicate that cassiterite 
is reduced directly to Sn proceeding through the gaseous intermediates of CO and CO2. 
The overall rate of reduction is controlled by the oxidation of carbon by CO2. In Fig.2.12, 
the equilibrium Pco2/Pco values are plotted as a function of temperature, it indicates that 
simultaneous equilibrium between SnOi, Sn and Carbon will occur at the temperature 
where the curves for eqns.(2.3) and (2.4) intersect. Some of their results are shown in 
Figs.2.13-2.14. 
From all these studies, we may summarize the following general features of the reduction 
kinetics of metal oxides by carbon: 
1. Temperature has a pronounced effect on reduction rate. Under a given 
Pcoi /Pco ratio, the rate of reduction increases with the increase in 
temperature. 
20 30 40 50 60 
TIME (min.) 
Fig,2.13 Comparison of the conversion curves calculated 
using the experiment..] and the equilubrium values of Pco2/Pco [9]. 
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Fig.2.14 Catalytic effect of metallic tin on the oxidation 
of coconut charcoal by carbon dioxide [9]. 
2. The particle sizes of materials involved may have some effect on the rate of 
reduction but there is no general agreement in the reported data. 
3. At a constant temperature, the rate of reduction increases with the increase 
of the mixing molar ratio of metal oxide to carbon. 
4. For a given reactant mixing molar ratio, the average gas composition 
CO2/CO ratio decreases continuously during initial stages of reduction, then 
attains a fairly steady value over a considerable range, finally decreasing 
again towards the completion of reaction. 
5. Catalysts affect the rate of gasification of carbon. 
§2.4 Theoretical Models 
As noted above, the "direct" reduction of metal oxides with solid carbon involves two 
gas-solid systems. The actual stoichiometry is not predetermined and will depend on the 
relative rates of the reactions designated by eqns.(2.2) and (2.3). 
The kinetics of gas-solid reactions has been both widely investigated and subjected to 
mathematical modelling [12,30-48]. For example, Rao et al. [30,31] proposed a 
generalized physico-chemical model that describes the kinetics of interaction between 
hematite and carbon particles occurring through gaseous intermediates CO2 and CO. A 
general structural model was developed by Szekely et al. [32-34] for the description of 
non-catalytic gas-solid reaction; which can be applicable to spherical and flat plate-like 
pellets. 
Almost all the mathematical models are developed on either of the two bases, viz. the 
solid reactant is regarded either as porous solid or nonporous solid. However, it should 
be pointed out that the majority of the models for gas-solid reactions have been based on 
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the assumption of a nonporous reactant - even when the solid reactant has considerable 
porosity. 
It is not difficult to understand the concepts such as nonporous and porous solid. 
Absolute nonporous solid can not be found in reality but its use may simplify analysis. 
An important common characteristic of the reaction of nonporous solids is that the 
chemical reaction and mass transport steps are coupled in series. Since the chemical 
reaction occurs at the plane surface of a solid, the surface always appears as one of the 
boundary conditions in the mass transport equation. This makes the analysis of 
nonporous solid system much easier than that of porous reactant solid system - a reason 
why most previous models assumed a nonporous solid reactant. Therefore, in what 
follows, more attention will be placed on the nonporous solid models. 
§2.4.1 Porous Solid 
In many gas-solid reactions the solid is porous, allowing diffusion and chemical reaction 
to occur simultaneously throughout the solid. 
Szekely et al. [12] have developed a generalized grain model for the isothermal gas-solid 
reaction. The model, as shown in Fig.2.15, was developed under the following 
assumptions: 
(1) The pseudo-steady state approximation is valid for describing the 
concentration of gas within the pellet; 
(2) The resistance due to extemal mass transfer is negligible; 
(3) Internal diffusion is either equimolar counter diffusion or occurs at low 
concentration of the diffusing species; 
Fig.2.15 The grain model for solid-solid reaction 
proceeding via gaseous intermediate [12], 
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(4) Diffusion through the product layer around the individual grain is not rate 
limiting; 
(5) The solid structure is macroscipically uniform and is unaffected by the 
reaction; and 
(6) The reaction is first order with respect to gas concentration. 
The porous solid was considered to be composed of spherical, cylindrical, or a plate-like 
grains. 
The overall gas-solid reaction system was characterized in terms of a generalized reaction 
rate modulus, r. The rate modulus is defined as. 
r = Rp- ^k-Fp-Sv V^^ 
V ^ e V ® y 
(2.4) 
where 
Rp is the initial pellet radius or half thickness of flat plate; 
k is the chemical reaction rate constant; 
Fp is the pellet shape factor, 
Sv is the surface area per unit volume of the pellet; and 
De is the effective gas diffusion coefficient. 
They also found that for 
rcO.S, the reaction was under kinetic control; 
r>3.0, the reaction was under diffusion control; 
3.0<r<0.3, the reaction was under mixed control. 
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The grain model has been shown to describe satisfactorily the reduction of lead oxide and 
lead calcium silicate pellets by CO/CO2 mixtures [28,35], and Hussion and Morris [35] 
found that the grain model can be used under appropriate circumstances to describe a gas-
solid reaction in which one of the products is a liquid. 
§2.4.2 Nonporous Solid 
In many gas-solid reactions, the solid is initially nonporous. A long list of examples of 
reactions involving nonporous solids can be found elsewhere [36,37,38]. 
For system wherein the reactions occurs at a sharp interface between two phases, either 
gas-solid or solid-solid, it is convenient to classify gas-solid reactions according to the 
geometry that the system exhibits in the course of reaction. The reaction of non-porous 
solids can be divided into three types of geometric groups [37-38]: 
1. A shrinking particle, which results from products being gaseous or solid 
products flaking off the surface of the reactant as soon as they are formed. 
2. A particle whose overall size is unchanged, with a product or "ash" layer 
remaining around the unreacted core (hence the term "shrinking unreacted-
core model"). 
3. A particle whose overall size is changed due to the difference in the volume 
of the solid before and after the reaction. 
An important common characteristic of the reaction of nonporous solids is that the steps 
of chemical reaction and mass transport are coupled in series. 
In many gas-solid reaction systems, the product solid forms an "ash layer" around the 
nonporous reactant solid 
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A(g)+bB(s) = cC(g)-KiD(s) (2.5) 
The examples of such a system are frequently encountered in chemical and metallurgical 
processes, such as the reduction of metal oxides, the oxidation of metals , the roasting of 
ores, and the decomposition of metal compounds. 
The progress of reaction of a nonporous solid to ash is schematically shown in Figs.4.16-
2.19. As we see in Fig.4.16, the overall process consists of chemical reaction at the 
interface, and the diffusion of gaseous reactants and products through the solid-product 
layer and through the boundary layer at the extemal surface of the solid. The overall rate 
may be controlled by the rate of chemical reaction or by the the rate of diffusion. 
The shrinking unreacted core model is the most widely used and the most important 
model for study gas-solid reaction [38]. Some models (e g. the grain pellet model, the 
reaction core model etc.) may be regarded as the extension of shrinking unreacted core 
model. 
The shrinking unreacted core model was first developed by Yagi and Kunii [39] who 
visualized five steps occurring in succession during reaction. 
Step 1. Diffusion of gaseous reactant A through the film surrounding the 
particle to the surface of solid; 
Step 2. Penetration diffusion of A through the blanket of ash to the surface of 
the unreacted core; 
Step 3. Reaction of gaseous A with solid at this reaction surface; 
Step 4. Diffusion of gaseous products through the ash back to the exterior 
surface of the solid; 
Step 5. Diffusion of gaseous products through the gas film back into the main 




" " particle 
R rc 0 r 
Radial position 
Fig.2.16 Representation of concentration of reaciants and products for 
reaction A(g)+bB(s)=cC(g)+dD(s) for a particle of unchanging size [38]. 
O Cf,. = CAc 
Surface of shrinking 
un reacted core 
Surface of particle 
Concentration 
in main 
body of gas 
For irreversible 
reaction 
Ca. = 0 
7-c 0 rc 
Radial position 
Fig.2.17 Representation of a reacting particle 
when diffusion through the ash layer is the controlling resistance [38]. 
"B 1 Â/? - CA, 
I s 
o rtj cc 
CAC = 0 
Q A ^ = flux of A through exterior surface 
of particle (inward outward - ) 
= flux of A through surface 
of any radius r 
QA^ = flux of A through reaction surface 
Typical position in diffusion 
region 
rc 0 rc r 
Radial position 
Fig.2.18 Representation of a reacting particle 
when diffusion through the gas flim is the controlling resistance [38]. 
Gas film 
re 0 rc 
Radial position 
Fig.2.19 Rq^resentation of a reacting particle when chemical reaction is 
the controlling resistance, the reaction being A(g)+bB(s)_>products [38]. 
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At times some of these steps do not exist. For example, if no gaseous products are 
formed or if the reaction is irreversible, steps 4 and 5 do not contribute directly to the 
resistances of reaction. Also, resistance of the different steps usually vary greatly one 
from the other; in such cases we may consider that the step with the highest resistance to 
be the rate-controlling. As discussed below, there are three simple cases. 
i l ) . Diffusion through Gas Film Controls 
Whenever the resistance of the gas film controls, the concentration profile for gaseous 
reactant A will be as shown in Fig.2.18, and therefore, the eqn.(2.6) can be obtained to 
represent the relationship between the time and radius and conversion fraction [38]: 
.3 
(2.6) 
T R V y 
Where t is the reacted time; x is the time for complete reaction of a particle; R is radius of 
particle; rc is the radius of unreacted core; and Xb is the fractional conversion. 
(2) Diffusion through Ash Layer Controls 
Fig.2.17 illustrates the situation in which the resistance to diffusion through the ash 
controls the rate of reaction. The relationship between the time and conversion fraction 
can be written as [38] 
i = l - 3 - ( l - X B ) ^ + 2 ( l - X B ) (2.7) 
T 
(3) Chemical Reaction Controls 
Fig.2.19 illustrates concentration gradients within a particle when chemical reaction 
controls, and the relationship between the time and radius and conversion fraction is 
described by eqn.(2.8) [38]. 
t r . 1/3 •^=1- ^ = 1 - ( 1 - X B ) (2.8) 
The relationships of the reaction time and radius and conversion fraction given by 
eqns.(2.6)-(2.8) can be graphically demonstrated by Figs.2.20 and 2.21. It should be 
noted that these three rate-controlling cases described above are only the three limiting 
cases of reaction (2.5). Various forms of these expressions have been derived by Yagi 
and Kunii [39]; Shen and Smith [40] and White and Carberry [41], respectively. 
The assumption of the shrinking unreacted core model may not match reality precisely. 
For example, reaction may occur along a diffused front rather than along a sharp interface 
between ash and fresh solid, thus giving behaviour intermediate between the shrinking 
core and the continuous reaction models. This problem is considered by Wen [42] and 
Ishida et al. [43]. 
Also, for fast reactions the rate of heat release may be high enough to cause significant 
temperature gradients within the particles or between particle and the bulk fluid. For 
temperature gradients within particles the corresponding nonisothermal effective factor 
curves have been calculated by Carbery [44], Weisz and Hicks [45]. However, for gas-
solid systems Hutchings and Carbery [46] and McGreary et al [47] have shown that if 
reaction is fast enough to introduce non-isothermal effects, then the temperature gradient 
occurs primarily across the gas film, not within the particle. Thus we may expect to find a 
significant film AT, before any within particle AT becomes evident. This problem is 
treated in detail by Wen and Wang [48]. 
Despite these complications Wen [42] and Ishida et al. [43], on the basis of studies of 
numerous systems, concluded that the shrinking core model is the best simple 
representation for the majority of reacting gas-solid systems. 
There are, however, two broad classes of exceptions to this conclusion. The first comes 
with the slow reaction of a gas with a very porous solid. Here reaction can occur 
throughout the solid, and the continuous reaction model may be expected to fit reality 
better. The system has been investigated by a few investigators. Sohn and Szekely [32] 
proposed the so-called grainy pellet model, which may be regarded as a generalization of 
Fig.2.20 Progress of reaction of a single spherical particle 
with surrounding gas measured in terms of time for complete reaction [38]. 
Fig.2.21 Progress of reaction of a single spherical particle 
with surrounding gas measured in terms of time for complete conversion [38], 
the numerous models [33,34,49-52] that have been proposed to represent the diffuse 
reaction zone of reacting porous solids. 
The second exception occurs when solid is converted by the action of heat, and without 
needing contact with gas. Here again the continuous reaction model is a better 
representation of reality. 
3.0 EXPERIMENTAL 
§3.1 Apparatus 
Fig.3.1 schematically shows the experimental apparatus used in the present study. The 
experimental apparatus is mainly composed of a welding set. The gas flame of acetylene 
and oxygen flow stream was used as energy (heating) source. The flow rates of acetylene 
and oxygen streams were controlled by flow-meters, respectively. When a sample, which 
had been preheated in a microwave, was heated in the flame, the reduction of Sn02 by 
carbon took place. 
Obviously, the present experimental apparatus is considerably simple if compared with 
those given in §2.2. The consequent results seem not to be obtained under strictly 
controlled conditions. However, the results, as will be demonstrated in Chapter 4, are still 
comparable to those obtained by normal methods so that they can be used at least as a 
guide in practice. 
§3.2 Ancillaries 
Beside the experimental apparatus shown in Fig.3.1, other ancillaries used in the present 
study are given below: 
1. Electronic balance 
All weights were measured using an AN AX JP-300W electronic balance with sensitivity 





Fig.3.1 Schematic illistration of experimental apparatus 
2. Microwave oven 
A NN-4207 National 500W (2.45GHZ) microwave oven made by Matsushita Electric 
Indurstrial Co. Ltd was used for preheating samples. 
3. Compacting apparatus 
All samples were cylinder-shaped and were made in a 230 Model compacting apparatus 
manufactured by Buehles Ltd. Compacting pressure employed can be read from its 
connecting meter. The mould used had an inner diameter of 20mm. 
4. Drying system 
A Qualtex solidstate oven manufactured in Australia by Watson Victor Ltd. was used to 
dry ready-for-testing samples. 
5. The temperature measurement system 
This system includes the NiCr-NiAl thermo-couples connected with a voltmeter and a 
temperature chart recorder. 
6. Others 
A stop watch was used to control accurately the heating time in a microwave oven and to 
measure the reaction time. A magnifier was used to help in collecting the tin droplets after 
reaction. 
§3.3 Materials 
Rich grade tin ore and dry brown coal char (Auschar) were used in this study. They were 
provided by the Microwave Application Research Centre, the University of Wollongong. 
The tin ore contained 74.5% Sn while the dry char was 94.4% carbon. The compositions 
of the dry char is given in Table 3.1. The tin ore and char were ground and only the 
fractions less than 125}im were used. Table 3.2 gives the results of the sieving analysis of 
the materials and their size distribution is clearly demonstrated in Fig.3.2. 
Small amounts of water + brown coal slurry were used as a binder in order to obtain 
samples of high strength. 
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Table 3.2. Particle size distribution of materials used (in weight) 
Size less than 
(|im) 
Cumulative Percent, % 
Auschar Tin ore 
38 4.2 10.0 
63 19.4 22.0 
75 50.0 52.0 
90 84.0 85.2 
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Fig.3.2-b Particle size distribution of tin ore 
§3.4 Experimental Procedure 
The experimental procedure mainly includes the following steps: 
1. The tin ore and char were weighed according to the weight of tin ore to char particles 
by electronic balance. Usually, the weight of a sample was kept constant, so that the 
weights of tin ore and char can be calculated from the knowledge of their mixing ratio. 
2. The tin ore and Auschar were mixed manually and uniformly; a small amount of water 
and slurry were used as a binder. 
3. The mixture was poured into a cylinder mould. The mould was then pressed by using a 
compacting apparatus at a measured compaction pressure. 
4. The samples were let dry naturally for about 24hrs. Then the samples were heated in 
the Qualtex solidstate oven at 110°C for 4hrs. 
5. As shown in Fig.3.1, a sample was put on the wire screen in the crucible, keeping the 
distance between the fire point and the surface of the sample constant. In the experiments, 
this distance was 11cm. The flow rate of oxygen or acetylene was adjusted by gas-flow 
controller and the reaction time recorded by the stop watch, manually. 
6. Af':er a certain reaction time, the sample was removed from the cruicible. The sample 
was allowed to cool naturally. The reacted sample was ground. The tin reduced was 
picked up carefully by hand and weighed. 
It is evident that the measurements under the present experimental conditions could not be 
made continuously. Therefore, in order to establish the relation between the conversion 
fraction of tin and reaction time under a given experimental condition, usually at least 
eight samples made stricdy under the same conditions, were used for a run of tests which 
were carried out under the given experimental conditions but the reaction time was 
different from each other. The consequent results of these tests, when combined together, 
can yield the relation between the conversion fraction and the reaction time. As an 
example, Fig.3.3 shows two runs of experimental results. The good agreements between 
the repeated experiments, which are demonstrated in Fig.3.3 also, indicate that the 
reproducibility of the present experiment is satisfactory. 
§3.5 The Variables Considered 
Pre-experimental results showed that the reduction of tin ore/char composites is mainly 
affected by the following factors: 
1. Mixing weight ratio of tin ore/char, 
2. Oxygen flow rate; 
3. Acetylene flow rate; 
4. Compacting pressure used to make sample; 
5. Heating time by microwave oven. 
Other factors, e.g. the distance of the fire point to the top surface of a sample, particle size 
distributions, etc, may also affect the kinetics of reduction of tin ore/charcoal composite 
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Acetylene 0.62 L./min. 
Oxygen 1.1 L./min. 
Compacting Pressure 5.9 P.S.I. 
Mixing ratio 12.5 
Heating time by MW 1.6 min. 
0.04-



































Acetylene 0.5 L./min. 
oxygen 0.8 L./min. 
Compacting pressure 5.4 P.S.I 
Mixing ratio 8.75 
Heating time 1.0 min. 
1 0 20 30 
Time, min. 
Fig.3.3 Reproducibity of the experiment 
§3.6 Reduction Degree of Tin Ore/Char 
The reduction degree of tin ore/char composite in the present study is expressed as the 
conversion fraction of tin, which is defined as 
Conversion Fraction = T^-—. Tin reduced(g) (3.1) Total amount of tm m a sample(g) ^ ^ 
According to eqn.(3.1), it is obvious that the tin reduced and conversion fraction varies 
with reduction time. Let Fr be the conversion fraction of tin at time t, then, by definition, 
we will have 





Wsn is the reduced tin after reaction time t; 
Wo is the original weight of a sample; 
nw is the mixing weight ratio of tin ore/char, 
Csn is the Sn content of tin ore, and is equal to 0.745; 
In addition, the mixing weight ratio of tin ore/char, nw, can be transformed to the mixing 
molar ratio of Sn02/C, nm, by the following equation: 
_ nw-Mc-Csn 
Msn-Cc 
_ n w 12-0.745 
"114.7-0.944 
=0.08256-nw (3.3) 
Where Me and Msn are the molecular weight of C and Sn, respectively. For convenience, 
Table 3.3 lists the transformation between the mixing weight and molar ratios involved in 
the present experiments. 
Table 3.3 Relation between the mixing weight ratio used and mixing molar ratio 
The weight ratio of tin ore / char 
nw 







§3.7 Experimental Design 
There are many statistical designs available depending on the conditions of experiments. 
An appropriate design provides not only a quantitative description of a surface response 
problem but also reduces the number of required experiments and measurements. For 
convenience, quadratic regression orthogonal design [53-55] was employed in the present 
study. This experimental design with special reference to the present experimental 
conditions is demonstrated below. 
1. Limitation of every factor 
As mentioned in §3.5, five factors were involved in the present study. Table 3.4 gives the 
minimum and maximum values of these factors, which were proven to be feasible regions 
from pre-experiments. For convenience, these factors are represented by Xi, X 2 , X 5 , 
respectively (see Table 3.4). 
Table 3.4 Minimum and maximum values of the factors used in the experiments 
Variables Xj Factors Maximum Minimum 
Xi Acetylene flow rate (mL./min) 700 300 
X2 Oxygen flow rate (mT ,./min) 1300 300 
X3 Mixing weight ratio of tin ore/char 15 2.5 
X4 Pressure of sample (P.S.I.) 4900 5900 
X5 Heating time in a MW oven (min.) 2.0 0.0 
If the maximum and minimum values of jth factor are represented by Z2j, Zij (j=l, 2,..., 




The value of unknown parameter, y, as discussed later, can be determined by eqn.(3.7). 
2. Table of factor-level transformation 
The value of a factor, Xj, can be determined from its corresponding design variable Zj by 
the linear transformation: 
= (3.6) 
Therefore, we have the results as given in Table 3.5. 
Table 3.5 Factor-Level transformation 
Xj Zi Z2 Z3 Z4 Z5 
Y Z21 Z22 Z23 Z24 Z25 
1 Zoi+Ai Z02+A2 Z03+A3 Z04+A4 Z05+A5 
0 Zoi Z02 Zo3 Zo4 Z05 
-1 Zoi-Ai Z02 -A2 Zo3 -A3 Zo4- A4 Zo5 -A5 
y Zii Z12 Zi3 Zi4 Zi5 
3. Experimental Design 
According to the quadratic regressive orthogonal design [53], for complete replication, we 
have 
Ŷ  +2P. Y2.2P-i.(P^+ 0.5mo)=0 (3.7) 
Where 
mo ~ number of experiments at zero level; 
Pm — number of factors considered; 
y ~ unknown variable. 
In the present work, p=5 and m« is equal to 3. Substituting these values into eqn.(3.7) 
and solving the resultant equation, we have y=1.72. The total number of the experiments, 
N, calculated by eqn.(3.8), is equal to 45. 
N = 2P+2p + mo (3.8) 
The experimental design used in the present work is given in Table 3 .6 . B y the 
transformation of eqn. (3 .6) , finally we have Table 3 .7 which is represented by the 
variables considered. 
Table 3 .6 Experimental plan by design variables 
Variables 
Test number 
Z i Z 2 Z 3 Z 4 Z 5 
1 1 1 1 1 
2 1 1 -1 -1 
3 1 -1 1 -1 
4 1 -1 -1 1 
5 -1 1 1 -1 





9 _ 1 1 1 1 
10 - 1 1 1 -1 1 
11 -1 1 -1 1 1 
12 - 1 1 -1 -1 -1 
13 -1 -1 1 1 1 
14 -1 -1 1 -1 -1 
15 -1 -1 -1 1 -1 
16 -1 -1 -1 -1 1 
17 -1 -1 -1 -1 -1 
18 -1 -1 -1 1 1 
19 -1 -1 1 -1 1 
2 0 -1 -1 1 1 -1 
2 1 1 -1 -1 1 
2 2 - 1 1 -1 1 -1 
2 3 -1 1 1 -1 -1 
2 4 -1 1 1 1 1 
2 5 -1 -1 -1 1 
2 6 -1 -1 1 -1 
2 7 -1 1 -1 -1 
2 8 -1 1 1 1 
2 9 1 -1 -1 -1 
3 0 1 -1 1 1 
3 1 1 1 -1 1 
3 2 1 1 1 -1 
3 3 T 0 0 0 0 
3 4 -T 0 0 0 0 
3 5 0 Y 0 0 0 
3 6 0 -T 0 0 0 
3 7 0 0 y 0 0 
3 8 0 0 -y 0 0 
3 9 0 0 0 y 0 
4 0 0 0 0 -y 0 
4 1 0 0 0 0 y 
4 2 0 0 0 0 -y 
4 3 0 0 0 0 0 
4 4 0 0 0 0 0 
4 5 0 0 0 0 0 
Table 3,7 Experimental plan by experimental factors 
Variables 
Test number 
X i X2 X3 X4 X5 
•10-3 •10-3 •10-3 
1 0.62 1.1 12.5 5.7 1.6 
2 0.62 1.1 12.5 5.1 0.4 
3 0.62 1.1 5.0 5.7 0.4 
4 0.62 1.1 5.0 5.1 1.6 
5 0.62 0.5 12.5 5.7 0.4 
6 0.62 0.5 12.5 5.1 1.6 
7 0.62 0.5 5.0 5.7 1.6 
8 0.62 0.5 5.0 5.1 0.4 
9 0.38 1.1 12.5 5.7 0.4 
10 0.38 1.1 12.5 5.1 1.6 
11 0.38 1.1 5.0 5.7 1.6 
12 0.38 1.1 5.0 5.1 0.4 
13 0.38 0.5 12.5 5.7 1.6 
14 0.38 0.5 12.5 5.1 0.4 
15 0.38 0.5 5.0 5.7 0.4 
16 0.38 0.5 5.0 5.1 1.6 
17 0.38 0.5 5.0 5.1 0.4 
18 0.38 0.5 5.0 5.7 1.6 
19 0.38 0.5 12.5 5.1 1.6 
20 0.38 0.5 12.5 5.7 0.4 
21 0.38 1.1 5.0 5.1 1.6 
22 0.38 1.1 5.0 5.7 0.4 
23 0.38 1.1 12.5 5.1 0.4 
24 0.38 1.1 12.5 5.7 1.6 
25 0.62 0.5 5.0 5.1 1.6 
26 0.62 0.5 5.0 5.7 0.4 
27 0.62 0.5 12.5 5.1 0.4 
28 0.62 0.5 12.5 5.7 1.6 
29 0.62 1.1 5.0 5.1 0.4 
30 0.62 1.1 5.0 5.7 1.6 
31 0.62 1.1 12.5 5.1 1.6 
32 0.62 1.1 12.5 5.7 0.4 
33 0.7 0.8 8.75 5.4 1.0 
34 0.3 0.8 8.75 5.4 1.0 
35 0.5 1.3 8.75 5.4 1.0 
36 0.5 0.3 8.75 5.4 1.0 
37 0.5 0.8 15 5.4 1.0 
38 0.5 0.8 2.5 5.4 1.0 
39 0.5 0.8 8.75 5.9 1.0 
40 0.5 0.8 8.75 4.9 1.0 
41 0.5 0.8 8.75 5.4 2.0 
42 0.5 0.8 8.75 5.4 0.0 
43 0.5 0.8 8.75 5.4 1.0 
44 0.5 0.8 8.75 5.4 1.0 
45 0.5 0.8 8.75 5.4 1.0 
4. RESULTS AND DISCUSSIONS 
§4.1 Thermodynamic Analysis 
The reduction of tin dioxide by carbon is usually presented by the equation [9]: 
Sn02(s) + C = Sn(L)+ C02(g) (4.1) 
However, from the results of earlier investigations [3-12] on the reaction of metal oxides 
with carbon, the general agreement is that the consecutive reduction and oxidation 
reactions proceed through the gaseous intermediates CO2 and CO. The direct reaction 
between solid oxide and solid carbon is important only when the gaseous products of 
reaction, i.e. CO2 and CO, are removed from the reaction system. This scheme can be 
visualized as the reaction taking place at the contact points between Sn02 and carbon 
particles. After the formation of a small amount of solid product, the reaction can proceed 
only by the solid state diffusion of one reactant species to another through the product 
layer. The reaction is practically impossible by this mechanism. Thus, the following 
scheme is thought to be valid for the carbothermic reduction of cassiterite: 
Sn02(s) + 2CO = Sn(L)+ 2C02(g) (4.2) 
C(s) + CO2 = 2CO (4.3) 
Suppose 
Pco2 + P c o = P ( 4 . 4 ) 
PC02 Kp (4.5) Pco P 
Where the PC02, Pco are the partial pressures of component CO2 and CO, respectively, 
so that P is the sum of the partial pressures of CO and CO2 while Kp is the ratio of the 
partial pressures of CO2 to CO. In this case, the free energy change of reaction (4.2), 
AG2, is given by [56]: 
AG2 = AG2° + R-T-ln (Pco2/Pco)^ (4.6) 
And the free energy change of reaction (4.3), AG3, is given by 
AGs = AGs" + R-T-ln (Pco22/Pco) (4.7) 
where 
AG2'' - standard free energy changes of eqns.(4.2), J-mol'^; 
AGs" - standard free energy changes of eqns.(4.3), J-mol'i; 
T - temperature, K; 
R - gas constant per mole, 8.31 J-mol'^-K-i 
Table 4.1 Free energy of some element reactions [63] 
Element Reaction AG°=A+B-T Temperature range 
A (J-mol-i) B (J-mol-i-K-i) ( K ) 
(a) Sn(i) + 02 = Sn02 -584100 212.5 505-2140 
(b) 2C(S) + 02 = 2C0 -232600 -167.8 298-3400 
(c) C(S) + 02 = C02 -395390 0 298-3400 
The standard free energy of the element reactions involved are listed in Table 4.1. Noting 
that eqn.(4.2) = 2-eqn.(c) - eqn.(b) - eqn.(a), then 
AG' '2=2 AG°C-AGV AG' 
= 25920 - 44.7-T 
Similarly, as eqn.(4.3) = eqn.(b) - eqn.(c), then 




Substituting eqns.(4.8) and (4.9) into eqns.(4.6) and (4.7), respectively, we have 
2 
AG2 =25920 - 44.7-T + R-T-ln /Pco2^ Pco V / 
AGs = 162790 - 167.8-T + R-T-ln Pco 
(4.10a) 
(4.11a) 
Under equilibrium conditions, AGi = AG3 = 0 and referring to eqns.(4.4) and (4.5) so 








a = exp /'167.8-T-162790 R-T - InP 
In Fig.4.1 the equilibrium PC02/PC0 values are plotted as a function of temperature for 
different P. This figure indicates that simultaneous equilibrium between Sn02, Sn, CO2, 
and CO will occur at the temperature where the curves for eqn.(4.2) and eqn.(4.3) 
intersect. However, it should be noted that the temperature varies with total pressure, P, 
o o Oh 
O o Calculated by eqn.(4.11.b) 
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Temperature, K 
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Fig.4.2 Equilibrium temperature vs. F 
as shown clearly in Fig.4.2. Therefore, to reduce tin from tin ore/char composites, 
temperature should be higher than equilibrium temperature corresponding to a value of P. 
§4.2 Surface Phenomena and Reduction Procedures 
§ 4.2.1 Temperature Distribution in a Sample 
As discussed above, once P is known, tin oxide can be reduced to metal Sn by carbon if 
the temperature is higher than the equilibrium temperature determined from Fig.4.2. If the 
temperature distribution in a sample is known, the region where the reduction occurs can 
be found by using the critical temperature, i.e. the equilibrium temperature. 
Under the experimental conditions shown in Fig.3.1, it is expected that the higher the 
position of a sample is, i.e. the closer to the top surface of the sample, the higher the 
temperature is. This expectation has been confirmed by measuring the temperature 
distribution in a sample. The result is shown in Fig.4.3. However, it can be seen clearly 
from Fig.4.3 that though the temperature at the top surface of a sample is as high as 
1230°C, the temperature decreases quite sharply with the distance from the top surface. 
Referring to Fig.4.1, it is evident that to produce tin, the temperature should be higher 
than an equilibrium temperature, i.e. the critical temperature. Generally speaking, the 
critical reaction temperature when P ranges from 0.0001 to 1000 atm can be regarded as 
about 1000 K. If the temperature of a sample is lower than the critical temperature, the 
reduction of tin by carbon will not take place. Therefore, Fig.4.3 also indicates that the 
reduction of tin ore by carbon can only occur on the surface, or more precisely, within a 
very thin topmost layer of a sample, because the temperature away from this layer is 
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Fig.4.3 Temperature distribution in a sample 
Since the reduction of tin ore/char composites can only take place on the top surface of a 
sample, it is reasonably expected that the reduction rate is proportional to the surface area 
of a sample. To verify this expectation, the effect of sample size on reduction was 
experimentally investigated. 
Samples of three sizes were used. The samples were so made that all the conditions 
except for the diameter of cylinder samples were kept constant. Fig.4.4 is the plot of the 
tin reduced against the reaction time. It is obvious that the larger a sample size, the higher 
the amount of the tin reduced after a certain time. However, as shown in Fig.4.5, the 
"reduction rate" per unit surface area, i.e. the tin produced per unit surface area after a 
certain time, is independent of sample sizes. As discussed later in §4.3.1, this 
observation (corresponding to the second assumption in §4.3.1) will greatly simplify the 
development of a general reduction rate equation. 
§ 4.2.2 Surface Phenomena 
From the discussion in §4.4.1, it is obvious that the reduction of Sn02 by carbon can 
only occur on the surface of solid reactant. Therefore, the area change on the reaction 
surface will also affect the reduction. From this point of view, the behaviour of tin 
produced should be investigated. Actually, at the beginning of this investigation great 
effort was made to find out the behaviour of the liquid tin produced and its effect on the 
reduction of tin ore/char composites. Later on, since the temperature distribution in a 
sample was measured, thermodynamic analysis clearly indicates that the tin can only be 
produced on the top surface of a sample. In this case, it is likely that the behaviour of the 
tin produced is dominated by the interactions of gas, liquid tin and solid tin ore/char 
composite. In what follows, however, the surface phenomena of the system composed of 
gas, liquid tin and solid ore/char composite will be discussed. 
t o 
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Fig.4.5 The relationshop between the weight of product tin per unit area and reaction time 
As shown in Fig.4.6, the contact angle 6 is written as [63,68]: 
ĉ sg = Osi - oig-cose = (4.12) Gsg 
where Osi represent the surface tension between the liquid and solid; Osg and Gig 
represent the surface tension of solid-gas interface and the liquid-gas interface tension, 
respectively. The angle 6 at which equilibrium takes place, is usually referred to as the 
contact angle for the two substances involved. The values of the contact angle reflect the 
difference between the adhesion forces of the molecules of liquid-liquid and liquid-solid. 
For example, if 9 is less than 90° (see Fig.4.6-a), the adhesion force between the liquid 
molecules and the solid molecules is greater than that among the liquid molecules; on the 
other hand, if 9 is greater than 90° (see Fig.4.6-b), the adhesion force between the liquid 
molecules and the solid molecules is less than that among the liquid molecules. 
The melting point of tin is 505K, but the reaction temperature is much higher than the 
melting point so that the tin reduced exists in liquid state. However, as indicated in 
Fig.4.6-c, the contact angle for system of the gas, liquid tin and solid tin ore/char 
composite is greater than 90°, so that the adhesion force between the liquid molecule is 
greater than that between the liquid molecule and the solid molecule. As a result, the 
liquid tin reduced on the top surface of the sample can form liquid droplets. Fig.4.7 
clearly demonstrates the existence of the tin droplets. It is expected that as the reduction 
proceeds, more and more tin droplets are accumulated on the top surface though some of 
them may be "blown o f f the surface by the gas stream or they themselves "flow down" 
off the surface. On the other hand, the ash layer becomes thicker and thicker. Therefore, 
it is likely that the reaction area on the top surface, which is referred to as the effective 







Fig.4.6 Surface tension between gas-liquid-solid. 
(a) e < 90°; (b) e > 90° 
(c) Measured contact angle of gas-liquidtin-solid tin ore/char composites. 
(a) 0.4 mm 
(b) 0.4 mm 
Fig.4.7 Tin droplets on the surface of the sample 
(a) The structure before reaction (b) The structure after reaction 
§4.3 Mathematical Treatment 
§4.3.1 Reduction Kinetics Analysis 
To develop a general equation to describe the reduction kinetics of tin ore with carbon 
under the present experimental conditions, we will begin with the following assumptions: 
1. The reduction of tin (liquid droplet) can only occur on the contacting surface between 
gas stream and a sample, i.e. on the top surface of the sample; 
2. The amount of tin produced in a certain time is linearly proportional to the effective 
contacting surface area, i.e. the tin production rate per unit effective contacting surface 
area per unit time is a constant; 
3. The effective contacting surface area decreases linearly with the total amount of tin 
produced. 
These assumptions are directiy extracted from the discussions given in §4.2. However, 
from these assumptions, it is not difficult to develop a general equation to describe the 
reduction rate of a sample composite. 
According to assumption 2, we have 
where AWsn is the amount of tin reduced in time interval. At, per unit effective contacting 
surface, AS, and Ci is constant. 
Let So be the initial effective contacting surface, i.e. the effective contacting surface when 
the reduction just begins, and Wsn is the total amount of tin reduced after time t. Then, 
from assumption 3, the effective contacting surface of the sample composite after time t, 
St, can be written as 
St=So-C2-W sn (4.14) 
Obviously, the amount of tin reduced in time interval of the sample, i.e. the reduction 
rate, at time t can be written as 
AWsn At =Ci S, 
=Ci- (So-C2 Ws„) 
=CrSo(l -C3-Ws„ ) (4.15) 
Where r C2 
Introducing the initial conditions, which are expressed as 
t =0 
Wsn= 0 
and integrating eqn.(4.15), we have 
WSn 
dWSn 
(l-C3-WSn) (f Ci-So-dt (4.16) 
Eqn.(4.16) can be simplified as 
l n ( l - C3-Wsn) = - CiCs-So-t (4.17) 
The reduction fraction of a sample, F ,̂ is defined by the following equation: 
Fr = WSn W°Sn 
(4.18) 
Where W ° S n is the total amount of pure tin in the sample, which, as expressed by 
eqn.(3.2), is the function of mixing ratio of tin ore to char and the compositions of the 
materials used. Substituting eqn.(4.18) into eqn.(4.17), we have 
In (1-C4-Fr) = - r-t (4.19) 
Where C4 = C3-W°Sn 
r = Ci -Cs'So 
Theoretically, when t ->+<», Pr tends to be equal to unity so that C4 should also be equal 
to unity. The final expression of reduction rate function, therefore, is written as 
In (1- Fr) = - r-t (4.20) 
or 
Fr = 1- e'-' (4.21) 
Here r is referred to as reduction rate constant. As shown in Fig.4.8, the greater the rate 
constant the higher the conversion fraction Fr at reduction time, t. The rate constant r is 
dependent on the experimental conditions involved, i.e. it is the function of temperature, 
mixing ratio, compacting pressure and heating time by microwave. However, before any 
further discussion on the reduction kinetics of the tin ore/carbon composites, the validity 
of eqn.(4.20) or eqn.(4.21) need to be verified first. This is given below. 
§4.3.2 Calculation of the rate constant r and validity of the rate equation 
Eqn.(4.21) can be transformed to 
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Fig.4.8 Conversion fraction of Sn vs reaction time for different reduction rate constant 
where 
Y = ln(l-Fr) 
For a pair of data (ti, Fr,i), there is a corresponding pair of data (ti, Yi), i=l,2,...,n. It is 
evident from eqn.(4.22) that if the reduction rate of tin ore/carbon composite can be 
represented by eqn.(4.20) or eqn.(4.21), the measured data expressed by a set of data 
(ti,Yi), (i=l,2,...,n), when plotted on a diagram, should approximate a straight line. As 
shown in Fig.4.9, the line should also pass the original point (0, 0), because Y=ln(l-
Fr)=0 when t=0. However, the accurate value of r should be determined by the least 
square method [53]. 
Thus, the sum of the residual of n sets of data, E, can be written as 
E = i:(Yi + r.ti)^ 
= Z Yi2 + 2r-lYiti + r2.It i 2 (4.23) 
and from eqn.(4.23), we have 
HF 
^ = 2 - Z Y i t i + 2 r I t i 2 (4.24) 
A dE Assume ^ =0, which yields l Y j t j 
Sti2 r = (4.25) 
Eqn.(4.25), if in terms of conversion fraction, can be written as 
Iln(l-Fr)-ti r = l i i ^ (4.26) 
Therefore, the reduction constant r can be determined by eqn.(4.26) directly from a set of 
measurements (ti, Fi-,i). The reduction constants of the 45 experiments listed in Table 4.2 
have been calculated in this way by using the 45 sets of measurements given in Appendix 
A, which correspond to the experimental design listed in Table 3.7. 
Fig.4.9 -Y vs. t 
Table 4.2 Reduction rate constants of the 45 experiments in Table 3.7 
Experimental No. r-102 Experimental No. r-102 
1 8.854 24 5.800 
2 8.221 25 5.117 
3 8.001 26 6.414 
4 6.157 27 6.861 
5 6.916 28 6.631 
6 5.884 29 7.651 
7 6.279 30 7.710 
8 5.502 31 7.026 
9 5.827 32 8.190 
10 4.936 33 9.556 
11 3.965 34 4.524 
12 4.515 35 9.258 
13 3.992 36 6.585 
14 3.353 37 7.512 
15 3.142 38 5.241 
16 1.680 39 7.015 
17 2.777 40 5.703 
18 2.480 41 5.746 
19 2.847 42 6.813 
20 3.453 43 7.642 
21 3.215 44 7.642 
22 5.082 45 7.643 
23 5.770 
Once the rate constant r of a test is determined, the validity of eqn.(4.20) or eqn.(4.21) 
can be verified simply by the comparison between calculations and measurements. 
Figs.4.10-4.18 show all of the calculations and the measurements of the 45 experiments. 
By inspections of Figs.4.10-4.18, it is obvious that there are good agreements between 
calculations and measurements. Therefore, the reduction kinetics of tin ore/carbon 
Fi<^.4.10 Measured (points) and calculated ( ) conversion fraction of Sn vs. reaction time. 
t-t 
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Time, min. 
4.11 Measured (points) and calculated ( ) conversion fraction of Sn vs. reaction tin^. 
0.01 
Time, min. 
Fig.4.12 Measured (points) and calculated ( ) conversion fraction of Sn vs. reaction time. 
Time, min. 
Fig.4.13 Measured (points) and calculated ( ) conversion fraction of Sn vs. reaction time 
Fig.4.14 Measured (points) and calculated ( ) conversion fraction vs. reaction time 
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Time, min. 
Fig.4.15 Measured (points) and calculated ( ) conversion fraction of Sn vs. reaction time 
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Fig.4.16 Measured (points) and calculated ( ) conversion fraction of Sn vs. reaction time 
Fig.4.17 Measured (points) and calculated ( ) conversion fraction of Sn vs. reaction time 
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Fig.4.18 Measured (points) and calculated ( ) conversion fraction vs. reaction time 
composite under the present experimental conditions can be described by eqn.(4.20) or 
eqn.(4.21). 
Padilia and Sohn [9] have also studied the reduction kinetics of stannic oxide with 
carbon. Their rate equation, obtained to a large degree empirically, is written as 
In (1-Fc) = - r.t (4 27) 
Noting the final chemical formula is given by 
Sn02 + n r C = Sn+ nrCO+ n3-C02 (4,28) 
From stoichiometrical consideration we may have eqn.(4.29): 
Wsn=frWc (4.29) 
or 
Fr= f2-Fc (4.30) 
Where and h are constants under a given experimental condition and should be the 
function of temperature, pressure, and so on. 
Substituting eqn.(4.30) into eqn.(4.21), we have 
l n ( l - f r F r ) = -r-t (4.31) 
Equation (4.31) is exactly the same as eqn.(4.19). But the latter has been simplified to 
eqn.(4.20) or eqn.(4.21). Nevertheless, though the mathematical forms of fi and f2 can 
not be given explicitly, it may have a definite relationship between the rate equation used 
in [9] and the present rate equation. Unfortunately, because of the lack of information 
about gaseous reactants, e.g. partial pressures Pco2 and Pco» further comparison 
between the two results is not possible. 
§4.3.3 Reduction rate constant as a function of reduction conditions 
The reduction of tin ore/char composites under the present experimental conditions is 
affected by a number of variables such as acetylene flow rate, Xi, oxygen flow rate, X2, 
mixing ratio of tin ore/char, X3, compacting pressure, X4, and heating time by MW, X5. 
As discussed above, the reduction kinetics of tin ore/char composites can be expressed by 
eqn.(4.20) or eqn.(4.21) in which reduction rate constant r is the only unknown 
parameter. Therefore, the effects of the above variables on the reduction of tin ore/char 
composites can be discussed by investigating the effects of the variables on the rate 
constant. 
In order to provide not only qualitative but also quantitative dependency of reduction:- ^ate 
constant on the above pertinent variables and decrease the number of tests, the quadratic 
regressive orthogonal design [53] was employed. Table 3.7 has given the 45 
experimental points in the present case, and Table 4.2 gives the corresponding 
experimental results, which are expressed by the reduction rate constant r only. In this 
way, the reduction rate constant, as a response, should be the function of the pertinent 
variables Xi, X2, X3, X4, X5, i.e. 
r = f (Xi, X2, X3, X4, X5) (4.32) 
Eqn.(4.32) can be explicitly expressed as the following polynomial of the second degree 
in Xi, (i = 1,2,...,5) [53]: 
r = bo + I I b i j X i X j (4.33) i=ij=i 
The unknown constants in eqn.(4.33), bo, by (i = 1,2,...,5; j = i, i+l,...5) can be 
determined by fitting the equation to the 45 experiments. To eliminate the possible 
insignificant terms in eqn.(4.33) and increase the stability of the regression equation, 
step-wise regression method [53] is used. The program, which is written in BASIC, is 
given in Appendix B. Therefore, the following regression equation is obtained. 
r = -229.17 + 41.10Xi+ 2.84X2+ 0.94X3 + 79.15X4 - 28.44Xi2 
-0.046X32 - 7.235X42+ 0.65X4X5 - 1.986X52 (4.34) 
As shown in Fig.4.19, the calculated rate constants by eqn.(4.33) are in reasonably good 
agreement with the 45 measured rate constants r. Statistical analysis of eqn.(4.34) listed in 
Table 4.3 indicates that the equation is of high significance (confidence level is greater 
than 99.9%). The effects of these pertinent factors, Xi, X2, X3, X4, X5, on reduction 
constant r can be quantitatively described by eqn.(4.34). As it will be found in the 
following section, eqn.(4.34) provides a useful tool in the discussion of the reduction 
kinetics of tin ore/char composites. 
Table 4.3 Statistical Analysis of Regression Equation (4.34) 
Source of Sum of squares Degree of freedom mean square F-test* variation 
Regression 158.69 9 17.63 135.62 
Residual 4.45 35 0.13 
Total 163.14 44 
* FO.OI(9,35)=2.97 [53]. 
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Fig.4.19 The comparison between reduction rate constants 
obtained from measurements and regression equation 
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§4.4 Kinetics of Reduction of Tin Ore/Auschar 
§4.4.1 Temperature 
As discussed in §4.1, the reduction of tin ore/char composites under the present 
experimental conditions can also be regarded as a solid-solid reaction proceeding through 
gaseous intermediates. The reduction is usually controlled by the step given by eqn.(4.3). 
Obviously, temperature has a pronounced effect on reduction rate. 
However, temperature is not treated as an independent variable under the present 
experimental conditions. Actually, it is a function of oxygen flow rate and acetylene flow 
rate. Measurements have been carried out by using NiCr-NiAl thermocouple so as to find 
out the dependency of temperature on oxygen and acetylene flow rates. Fig.4.20 shows 
the measured results. It is evident from Fig.4.20 that temperature increases with the 
increases of oxygen flow rate or acetylene flow rate. Figs.4.21-4.24 show the reduction 
fraction Fr against time t for different temperatures. It is evident from these figures that 
the increase of temperature results in the increase of reduction rate. This is in agreement 
with the reported result [9] though the latter is expressed by the reduction fraction of C 
instead of Sn as shown in Fig.4.25. As the other conditions such as the ratio of CO/CO2, 
total pressure, etc. were not measured in this work, it would not be possible to calculate 
the reaction free energy. 
The reduction rate of tin ore/char composites in the present study can be expressed by 
reduction rate constant r. Therefore, the effect of temperature on the rate of reduction, if 
in terms of rate constant, is illustrated in Fig.4.26. It seems that the increase of rate 
constant with temperature is independent of other variables because the lines in Fig.4.26 
can be approximately regarded as parallel to each other. Noting that different temperatures 
were obtained by different combinations of oxygen flow rate and acetylene flow rate, the 
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Fig.4.24 The effect of temperature on reduction 
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Fig.4.26 Effect of temperature on reduction rate constant 
change of temperature therefore implies the change in gas speed which is dependent on 
the two flow rates. It has been well established that gas diffusion is mainly affected by 
gas speed [38]. The results shown in Fig.4.26 therefore indicate that the gas diffusion 
alone is not the controlling step in the reduction of tin ore/carbon composite under the 
present experimental conditions. 
§4.4.2 Oxygen and Acetylene Row Rates 
As shown in Figs.4.27 and 4.28, the increase of oxygen flow rate or acetylene flow rate 
can improve the reduction of tin ore/char composites. The effects of oxygen and acetylene 
flow rates on reduction rate constant can be easily discussed from eqn.(4.34). Thus, we 
can have 
41.10 -56.88-Xi > 0 (0 .3^ i<0.7) (4.35) 
J ~ = 2 . 8 4 > 0 (4.36) 
As shown in Figs.4.29 and 4.30, the rate constant, r, increases with the increase of 
oxygen flow rate, Xi, or acetylene flow rate, X2. The reason for this is given below. 
It has been shown that reaction temperature is a function of oxygen and acetylene flow 
rates. As illustrated in Fig.4.20, the increase of oxygen or acetylene flow rate can 
increase reaction temperature, the latter usually is the dominant factor when chemical 
reaction is the controlling step. As shown in Fig.4.31, the feature of the contour plot of 
the effects of oxygen and acetylene flow rates on r is very similar to that on temperature 
(see Fig.4.20). Therefore, the increases of oxygen or acetylene flow rate can increase the 
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Fig.4.30 The effect of oxygen flow rate on reduction rate constant 
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Fig.4 31 Contour plot of reaction rate as a function of oxygen and acetylene flow rate. 
§4.4.3 Mixing Ratio 
From eqn (4.34), we have 
^ = 0.94 -0.092-X3 (4.37 ) 
Let be equal zero, then 
X3 = 10.217 (4.38) 
Therefore, if mixing ratio X3 is less than 10.217, the critical mixing weight ratio under 
the present experimental conditions, then reduction rate constant r increases with the 
increase of X3 because ^ ^ > 0 ; but if X3 is greater than 10.217, then the increase of X3 
results in the decrease of r because <0. The effect of X3 on rate constant r is clearly 
depicted in Fig.4.32. Experimental results are shown in Fig.4.33. It is evident from these 
results that there is an optimum mixing ratio of the amounts of tin ore to carbon. 
As mentioned in Chapter 2, it has been widely accepted that the increase of the molar 
mixing ratio of metal oxide to carbon can usually improve the solid-solid reduction. For 
the mixture of SnOa and carbon powder, as shown in Fig.4.34, it has been reported that 
the increase of molar mixing ratio can increase the reduction rate [9]. The mixing weight 
ratio can be transformed to the molar ratio of Sn02/C in a sample by using eqn.(3.3). If 
the mixing molar ratio is less than 0.845, the present results in Fig.4.32 are in good 
agreement with the previous results in Fig.4.34. But the existence of critical molar ratio 
was not reported because the maximum mixing ratio used in [9] was about 1, which is 
probably less than the critical mixing molar ratio corresponding to the experimental 
conditions in [9]. However, the present results shown in Figs.4.32 and 4.33 clearly 
indicate the existence of the critical mixing molar or weight ratio. The reason for this 
result could probably be that the increase of X3 can improve the contact condition of 
Sn02 and carbon so that carbon can be used more efficientiy. However, if X3 is greater 
<s o 
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Fig.4.33 The effect of mixing ratio of tin ore/Auschar on reduction 
Fig.4.34 The effect of mixing ratio of STLOT/C on reduction [9], 
than a certain value, there is not enough carbon to reduce Sn02 completely so that r will 
be decreased. 
§4.4.4 Compacting Pressure and Heating Time by Microwave Oven 
(1). Compacting pressure 
It is known that solid-solid reaction is strongly dependent on the contact of the reactants. 
As shown in Fig.4.35, the contact condition is often correlated with (inner) porosity 
while the latter is related to the compacting pressure. The increase of the compaction 
pressure used to make a sample can therefore improve the contact condition of tin oxide 
and carbon particles. However, gas diffusion, though itself can not be a controlling step 
as discussed in §4.4.1, is also an important factor. If a sample is too dense, it may be 
difficult for gas to diffuse to the reactant so that the reduction rate may decrease. 
Therefore, the effect of the compacting pressure on the reduction rate constant is 
dominated by the two factors: the contact condition among the particles and the gas 
diffusion in a sample. 
As shown in Fig.4.36, with the increase of compacting pressure the rate constant r 
increases to a maximum an apparent maximum, because the contact condition among the 
particles is the dominant factor. However, after the maximum point, further increase of 
compacting pressure will result in the decrease of r because the gas diffusion in a sample 
becomes the dominant factor. This result is experimentally confirmed by Fig.4.37. 
(2). Heating time by microwave oven 
It has been found that the reduction of metal oxides by COICO2 gas mixtures can be 
improved by the pre-heating of a sample in a microwave oven [57-62]. However, if the 
heating time is longer than a certain time, the reduction of metal oxides by CO/CO2 
30 
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Fig.4.35 The compaction of spherical particles as measured 
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Fig.4.36 The effect of compacting pressure of a sample on reduction 
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Fig.4.37 The effect of compaction pressure on reduction rate constant 
5.9 
mixtures becomes worse [62]. Similar effect of heating time by microwave oven have 
been observed in the present study, which is indicated in Fig.4.38. The general effect of 
X5 on r is shown in Fig.4.39. The observed effect may be explained by means of the 
results given earlier. 
First, the structural change of the reactant after the heating by microwave is examined. It 
is known that different materials have different absorbability of microwaves [57-60]. 
When heated by microwave energy the temperature increases are different depending on 
the material and the amount involved. To find this difference between the tin ore and char 
used in the present work, samples composed of pure tin ore and pure char were made and 
heated by microwave energy for different time, then the weight losses of samples were 
recorded. From the results, it is found that the weights of sample composed of pure tin 
ore do not change while the weights of the sample, composed of pure char, as shown in 
Fig.4.40, decrease with the heating time. Noting that the content of volatile in the char is 
low (refer to Table 3.1), it is obvious that it is the carbon which reacts with the oxygen in 
the air, so that the weights of the samples decrease. It may be possible that the oxygen in 
the tin ore is removed by the carbon in tin ore/char composites. However, noting that the 
heating time by MW was not long (less than 2 minutes) in the present experiment, 
measurements showed that the tin produced, if any, is so small that it can be ignored. In 
this case, it is likely that the weight loss of tin ore/char composite comes from the reaction 
of carbon with the oxygen in the air. The decrease of the amount of carbon results in the 
increases of the mixing ratio of tin ore/char of a sample. As discussed above, the increase 
of the mixing ratio of tin ore/char usually increases the reduction rate constant r, so that 
heating a sample by microwave energy can improves the reduction rate constant r. 
Furthermore, this heating can also increase the temperature of whole sample, which also 
improves the reduction rate constant r. But if the heating time is too long and too much 
carbon has been reacted, the contact condition among the tin ore particles and the char 
particles is worsened so that the reduction rate constant r is decreased. 
(3). Interaction of compaction pressure and heatmg time by MW 
Vh 
Fig. 4.38 The effect of heating time by MW on reduction 
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Fig.4.39 The effect of pre-heating time by microwave oven on reduction rate constant 







Fig4.40 The increase of loss weight of pure Auschar with heating time in MW. 
(The initial weight of sample = 10 g) 
It can be also seen from Fig.4.40 that the weight decrease rate is dependent on 
compacting pressure. The higher the compacting pressure, the higher the weight decrease 
rate is. Therefore, it seems that the optimum heating time by microwave energy should 
decrease with compacting pressure. However, compacting pressure can improve the 
contact condition, the original contact condition before heating for a sample compacted 
under high pressure is better than that under low pressure so that the optimum heating 
time by microwave energy does not change much with compacting pressure as illustrated 
in Fig.4.41. The optimum heating time, as it is demonstrated in Fig.4.39, is about one 
minute. 
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I ig.4-.4-1 Contour plot of reaction rate as a function of compacting pressure and heating 
5.0 CONCLUSIONS 
1. The reduction of tin ore/char composites under the present experimental conditions is a 
solid-solid reaction proceeding through gaseous intermediates CO and CO2. Fig.4.1 
indicates that the reduction of Sn02 by C can only take place under the conditions that 
reaction temperature is higher than the equilibrium temperature. The equilibrium 
temperature varies with the sum of the partial pressures of CO and CO2. 
2. As shown in Fig.4.3, the temperature in a sample drops sharply as the distance from 
the top surface of the sample increases. As a result, the reduction of tin ore/char 
composites can only take place on the top surface of a sample. 
3. It is likely that the formation of liquid tin droplets on the top surface of a sample results 
from the surface phenomena, viz. the formation of liquid tin droplets on the top surface of 
a sample comes from the fact that the contact angle of the system composed of solid tin 
ore/char composites, hquid tin and gas is greater than 90°. 
4. It is shown that the reduction of tin ore/char composites can be described by a general 
rate equation: ln(l-Fr)=-r-t, which is developed based on a few assumptions. Therefore, 
the kinetics of reduction of tin ore/char composites can be characterized by the reduction 
rate constant, r. 
5. The kinetics of reduction of tin ore/char composites under the conditions of present 
study is affected by a number of factors such as acetylene flow rate, oxygen flow rate, 
mixing weight ratio of tin ore to char, compacting pressure used to make samples and 
heating time in a microwave oven. The relationship between the rate constant, r, and these 
pertinent factors has been established by regression analysis. 
6. Temperature has a pronounced effect on reduction rate. The higher the temperature, the 
higher the reduction rate constant is. This result is in agreement with the results reported 
in the literature. 
7. As the increase of acetylene or oxygen flow rate can increase reaction temperature, the 
reduction rate constant increases with the increase of acetylene or oxygen flow rate. 
8. The increase of the mixing weight ratio of tin ore/char, i.e. the mixing molar ratio of 
SnOi/C, usually results in the increase of reduction rate constant. However, it is 
demonstrated that if the mixing ratio is greater than a certain value, .iirther increase of the 
mixing ratio may decrease the reduction rate constant. 
9. The increase of compacting pressure can improve the contact condition of the tin ore 
and char particles but at the same time result in difficulty in «̂ as diffusion. Therefore, its 
effect on the reduction rate will depend on the conditions involved. Nonetheless, it is 
shown that if compacting pressure is less than a critical value, the increase of the 
compacting pressure increases the rate constant; but if it is higher than the critical value, 
the rate constant decreases with the increase of the compacting pressure. 
10. Preheating a sample in a microwave oven can increase the rate constant. However, if 
the preheating time is longer than a certain time, it will result in the decrease of reduction 
rate constant. 
11. The denser a sample, the easier the sample is heated by microwaves. 
6.0 Reduction of Stannic Oxide with 
Carbon by Microwave Heating 
§6.1 Introduction 
A new territory of microwave pyrometallurgy has been opened up by Professor H.K. 
Womer of the Microwave Application Research Centre (MARC) at the University of 
Wollongong. It has been found that metallurgical reactions can be stimulated or speeded 
up by the use of microwave energy [66]. However, most of the work published thus far 
was concerned with microwave heating and drying of coal or other granular materials [57-
60]. In his recent note, Standish [61] presented a general discussion of the microwave 
application in the reduction of metal oxides with carbon. 
The purpose of this chapter is to present an experimental study of the reduction of tin 
ore/char by microwave heating. 
§6.2 Experimental 
Tin ore and Australian brown coal char were used in the present work. The properties of 
these two materials have been given in Chapter 3. In the case specified, materials of 
different particle size distributions were also used so as to explore the possible effect of 
particle size distribution on reduction rate. 
Experimental procedure has been described in Chapter 2. However, instead of gas flame 
of acetylene and oxygen flow stream, i.e. gas heating, microwave was used as energy 
(heating) source. Fig.6.1 illustrates the experimental apparatus used in the present work. 
The microwave oven (R-9360 SHARP-700W, 2.45GHZ) was used. The inside wall of 
the microwave oven was surrounded by ceramic fibre blanket to protect the wall of the 
microwave oven and insulate the reaction atmosphere. The microwave oven was filled 
with finesh air before a sample, contained in a crucible, was put into the centre of the oven 
so as to make sure that all experiments were carried out under the same reduction 
conditions. The insulation could not be regarded as perfect but was believed to be better 
than nothing. 
Temperature were measured with a NiCr-NiAl thermocouple by turning off the 
microwave oven and quickly inserting the thermocouple inside the composite sample. 
All the experimental measurements are hsied in Appendix C. 
§6.3 Reduction Characterisdc Curves 
(1) Temperature vs. time 
As one may expect, the reduction of tin ore/char composite by microwave heating does 
not take place at a constant temperature. The longer the heating time by MW, the more 
energy is absorbed by a sample and the higher the sample temperature is. Fig.6.2 clearly 
demonstrates this tendency. This result should be the same as in ordinary heating 
processes. However, different from an ordinary heating process in which physical 
l u t i ng takes place, chemical process occurs together with physical process. 
Chemical process is very sensitive to the change of temperature. Consequently, as the 
temperature increases, chemical process may also change because of the change of the 
thermodynamic conditions. Such changes, if they happen, may notably affect the 







Fig.6.1 Schematic illustration of experimental apparatus 
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Fig.6.3 Conversion fraction vs. heating time by MW 
temperature during a heating process. Therefore, it is likely that corresponding to this 
point, there is a change in chemical process. 
(2) Conversion fraction of tin vs. time 
Fig.6.3 shows the change of the conversion fraction of tin with time. As discussed 
above, the reduction of tin ore/char composite by microwave heating does not take place 
at a constant temperature. Not surprisingly, the reduction by microwave heating may not 
be the same as those proceeding under conventional conditions. As temperature changes 
the reduction in a microwave oven, i.e. the products such as tin, CO, CO2, may change 
because the thermodynamic conditions change. As it can been seen from Fig.6.3, there is 
sudden drop in the conversion fraction of tin. This result indicates that the tin reduced can 
be reoxidized after a certain heating time. 
(3) Weight loss vs. time 
As usual, there is a correlation between the weight loss and the tin produced. This can be 
supported by their similar tendency shown in Figs.6.3 and 6.4. However, it should be 
noted that under the present experimental conditions, definite relation between the 
conversion fraction of tin and the fractional weight loss could not be obtained. The reason 
for this is that because the reduction here was not carried out under strictly controlled 
conditions, there were some uncertainties in the present stoichiometrical calculation. For 
example, it is known that the weight loss includes three parts, viz. oxygen in tin ore 
(Sn02), carbon in coal char and volatiles in tin ore/char composites. However, as 
discussed in §4.4.4, the weight loss may result from the combustion of carbon with 
oxygen in the air as well as from the reduction. As the weight loss from the combustion 
of carbon with oxygen in the air could not be determined a priori, the fractional weight 
loss may not represent the degree of reduction properly. Therefore, to assess the 
reduction degree more precisely, the conversion fraction of tin rather than the total 
fractional weight loss was used as an index in the discussion of the reduction kinetics. 
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Fig.6.4 The relationship fraction of weight loss and heating time by MW 
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Fig.6.5 The relationship between temperature and conversion fraction of tin 
(4) Conversion fraction of time vs. temperature 
Fig.6.5 shows the relationship between the conversion fraction of tin and reaction 
temperature during a microwave heating process. It appears that if reaction temperature is 
higher than a certain values, here about 700°C, conversion fraction can increase sharply 
with the increase of temperature. This result indicates that high conversion fraction of tin 
can be obtained when reaction temperature is high. Further discussion of this curve will 
be given in §6.5. 
§6.4 Thermodynamics of Reduction 
As discussed above, the products of the reduction of tin ore/char composites by 
microwave heating are likely to vary with the increase in temperature. The "sudden drop" 
in the conversion fraction of tin could be observed in all the experiments as given in §6.5. 
In this section, the reason for the existence of this "sudden drop" will be discussed 
according to the theory of thermodynamics [56,63]. 
Under the present experimental conditions, the possible products of the reduction are Sn, 
CO and CO2. They can be written as 
C+02=C02 (6.1) 
2 C + 0 2 = 2 C 0 (6.2) 
Sn+02 = Sn02 (6.3) 
The AG^-T diagram, i.e. Ellingham diagram [56] for the three reactions can be found in 
Fig.6.6. Examination of Fig.6.6 shows that the lines for eqns.(6.1) and (6.2) intersects at 
973K. At low temperature the line for eqn.(6.1) is below that for eqn.(6.2), so that CO2 
will be more stable and thus predominate in the reduction reaction products. But at high 
PZQ^PZQz ^̂ (atm) 
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Fig.6.6 AG" - T diagram fOT the formation of oxides [56] 
temperature the line for eqn.(6.1) is above that for eqn.(6.2), so that CO will be more 
stable and thus predominate in the reduction reaction products. In general, the reduction 
of tin ore/char composites can be written as 
Sn02+C = Sn+C02 (T<Tc) (6.4) 
or 
Sn02+C = Sn+CO (T>Tc) (6.5) 
where Tc is a critical temperature at which CO2 begins to convert into CO and uncier 
standard condition, Tc=973K. This temperature should be a function of reaction 
atmospheres. Fig.6.7 gives the calculated free energy changes of reactions (6.1) and (6.2) 
with P. Corresponding to the intersect of the two lines is the critical temperature. It is 
evident from Fig.6.7 that the higher the total pressure P, the higher the critical temperature 
is. 
To simplify our discussion, the reduction of tin ore/char composites by microwave 
heating is regarded as an insulated system, i.e. there is no mass or heat transfer between 
the microwave and its outside environment. At the beginning of reduction, the partial 
pressure PC02 is the same as that in the air, i.e. Pco2=0.033atm [68]. As the free energy 
of eqn.(6.4), AGeqn.(6.4) is given by [56,63] 
AGeqn.(6.4) =188710 - 237.57-T + R-T-lnPco2 (J-mol'i) (6.6) 
the starting temperature for the reduction expressed by eqn.(6.4) is then given by 
188710 = 7 I O K (6.7) 
^ 237.57-R-lnPco2 
Therefore, if the temperature is higher than 710K, tin can be produced through the 
"direct" reaction given by eqn.(6.4). Meanwhile, the gas products, which is predominated 
by CO2, are accumulated in the microwave oven as the reaction proceeds. However, once 
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Fig.6.7 AG vs. T under different pressures 
becomes more stable than CO2 so that the accumulated CO2 in the microwave oven will 
convert into CO. This conversion can be realized by the following reactions 
C02+C=2C0 (AH'=172.52kJ/mol) (6.8) 
2C02+Sn=Sn02+2C0 (AH'=-14.70 kJ/mol) (6.9) 
Reaction (6.8) consumes the carbon in the sample but reaction (6.9) results in the 
oxidation of produced tin. As long as the accumulated CO2 has converted into CO, the 
reduction of tin ore/char can be continued by the reaction expressed by eqn.(6.5). 
Therefore, it can be observed that there is a sudden drop (inflexion point) in loss weight 
or conversion fraction curve, and after the drop the conversion fraction of tin or fractional 
weight loss again increases with reaction time (see Figs.6.3-6.4). Noting that compared 
with exothermic reaction (6.9), reaction (6.8) is n strong!v endothermic reaction, so the 
conversion of CO2 to CO can also result in a slight drop in the temperature as seen in 
Fig.6.2. 
It is obvious that the more tin produced bofore the reaction temperature reaches the critical 
temperamre, the more CO2 accumulated in the microwave oven, and hence the more 
produced tin is required to convert CO2 into CO. That is to say, the higher the conversion 
fraction corresponding to the inflexion point, the greater the magnitude of the drop in 
conversion fraction is. This tendency can be observed from Fig.6.3. 
Furthermore, as illustrated in Fig.6.7, the critical temperature Tc is not constant and varies 
with the total pressure P. Under the present experimental conditions, as the reaction 
proceeds, more and more CO2 is produced so that the partial pressure of CO2 is 
increased, which results in the increase in the critical temperature, Tc. The increase of the 
critical temi>erature implies the relatively longer heating time before the temperature 
reaches the critical temperature. This effect can also be obsCTved in Fig.6.3. 
Therefore, factors which can improve the reduction of tin ore/char can increase the critical 
temperature, the conversion fraction of tin corresponding to the inflexion point and the 
magnitude of the drop in conversion fraction. As discussed in §6.5, this conclusion can 
be confirmed by the experimental results. 
However, it should be pointed out that the reduction mechanism of metal oxide with 
carbon by microwave heating is not clearly understood. More intensive work is necessary 
so as to verify the above explanations. 
§6.5 Kinetics of Reduction of Tin Ore/Char by MW Heating 
Owing to the slow rates of reduction for eqns.(6.4) and (6.5), it is likely that the 
reduction of tin ore/char composite by microwave heating, like the conventional reduction 
processes of solid-solid reactions, proceeds by two-step process, viz: 
SnOi+CO = Sn+C02 (6.10) 
C 0 2 + C = 2C0 (6.11) 
As discussed in §4.1, the equilibrium temperature, Te, for the reactions (6.10) and (6.11) 
is around lOOOK. Therefore, if Ts<T<Te, the reduction of tin ore/char is a real solid-solid 
reaction but if T>Te the reduction is a solid-solid reaction proceeding through gaseous 
intermediates. As soon as the reaction temperature is higher than this equilibrium 
temperature, the reduction of tin ore/char can be increased sharply. As it can be observed 
from Fig.6.5, only a small amount of tin is produced by "direct reduction" and the sharp 
increase in conversion fraction can be obtained when the temperature is higher than about 
700°C. 
It should be noted that the equilibrium temperature, Te, may not be equal to the critical 
temperature, Tc, because they correspond to different equilibrium systems. It seems that 
Tc is always greater than Tg, e.g. under standard condition T c = 9 7 3 K while Te=903K (see 
Figs.4.1 and 6.6). Therefore, a large difference between Tc and Te implies a relatively 
longer time required to increase temperature from Te to Tc, and hence a large amount of 
CO2 accumulated before the conversion of CO2 into CO begins and a high conversion 
fraction corresponding to the inflexion point. This tendency can also be observed in 
Fig.6.5. 
From the above discussion, it is evident that the reduction by microwave heating is mainly 
proceeding in the same manner as that in an ordinary solid-solid reduction. Therefore, the 
reduction of tin ore/char composites by microwave heating can be treated by ordinary 
methods. In the present investigation, however, only the effects of compacting pressure, 
mixing ratio and particle size distributions of tin ore/char have been involved. The results 
will be discussed in what follows. 
(1) Compacting pressure. 
As demonstrated in Chapter 4, the increase of compacting pressure used to make samples 
results in improvement in the contact conditions among tin ore and char particles. Since 
gas diffusion is also a factor which should be considered in a reduction process, high 
compacting makes gas diffusion difficult. As a result, it was realized that there may be an 
optimum compacting pressure for conventional reduction processes. However, for the 
reduction by microwave heating, we could not observe the existence of the optimum 
compacting pressure even with a much larger range of the compacting pressure. As 
shown in Fig.6.8, reduction rate of tin ore/char composites by microwave heating can 
always be increased by the increase in compacting pressure. The different effects of the 
compacting pressure on the reduction rates of the two systems may be attributed to the 
different roles played by gas diffusion. Thus, in the reduction by microwave heating, 
unlike the temperature distribution found in the reduction by gas heating fsee Fig.4.3), it 
is expected that the whole sample has a much more uniform temperature so that reduction 
takes place uniformly [67]. In this case, only gas diffusion within "short range" is 
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Fig.6.8 The effect of compacting pressure on reduction by MW heating 
voidage in a sample, the negative effect of compacting pressure can be ignored. 
Consequendy, the increase of compaction, as it can improve the contact conditions among 
the tin one and char particles, can always increase reduction rate by microwave heating. 
(2). Mixing ratio of tin ore/char 
Fig.6.9 shows the effect of mixing weight ratio of tin ore/char on the reduction rate by 
microwave heating. The present result is in reasonable agreement witii that by gas heating 
(see Chapter 4). However, it can be observed that tiiere is a sharp drop in die conversion 
fraction of tin during the reduction process by microwave heating. 
(3). Conversion fraction drop and inflexion point 
By inspection of Figs.6.8 and 6.9, is can be seen that the improvement in reduction rate 
usually implies the increase in the conversion fraction of tin, Fy^, corresponding to the 
inflexion point and the increase in the drop of the conversion fraction AFr. Not 
surprisingly, as shown in Fig. 6.10, there is a good correlation between the drop AFr and 
Fi-,d- It is clear from Fig.6.10 that high values of F̂ d̂ result in higher values of AF .̂ This 
result is in accord with the theoretical consideration in §6.4. Thus, the higher the value of 
conversion fraction, the more CO2 is produced, and the more tin produced is reoxidized 
by CO2 so that the sharper drop in conversion fraction results. 
Moreover, as the increase of compacting pressure or mixing weight ratio can improve the 
reduction of tin ore/char composites, the increase of the compaction pressure or mixing 
ratio should increase the conversion fraction corresponding to the inflexion point and the 
drop in conversion fraction for the reasons given in §6.4. Figs.6.11 and 6.12 illustrate 
the effects of compacting pressure and mixing ratio on AFr, respectively, which obviously 
is in good agreement with the theoretical consideration (refer to the discussion in §6.4). 
(4). Particle size distribution 
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Fig.6.12 The relationship between the mixing ratio and AFr 
To explore the effect of the particle size distributions of tin ore and charcoal on the 
reduction rate by microwave heating, synthesized particle size distributions were used in 
the present study. The theoretical particle size distribution employed here is written as 
[64] 
F(d)= D V y (6.12) 
where F(d) is the cumulative weight distribution less than particle size d, D is the 
maximum particle size and M is distribution parameter. This distribution is referred to as 
the Gaudin-Shuhmann distribution [64]. As shown in Fig.6.13, small M means a large 
portion of small particles in a distribution while large M means a large portion of large 
particles in a distribution. Once the value of D is given, the particle size distribution will 
be characterized by distribution parameter M only. The value of D is equal to 125 ^mi in 
the present study. In this case, once M is assumed a value, the weight percent of a size 
interval can be readily calculated by eqn.(6.12). 
The tin ore (-125}im) and char (-125|im) were first carefully sieved into a number of size 
fractions (intervals), respectively. A synthesized particle size distribution of a given 
parameter M can be obtained by mixing the proper amounts of different intervals of tin ore 
or char sieved. In this way, the effect of the particle size distribution of tin ore or char on 
the reduction rate, which is here represented by distribution parameter M, can be readily 
smdied. For convenience, the distribution parameters (M) of char and tin ore powders are 
represented by ml and m2, respectively. 
Fig.6.14 shows the experimental results. It appears that the decrease of the particle size of 
char, i.e. the decrease in ml or increase of the particle size of tin ore, i.e. the increase in 
m2 results in the increase in the heating time corresponding to the inflexion point of 
conversion fraction of tin and a slight increase in Fd̂ r- It seems that the change of the 
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Fig.6.14 The effect of size distribution on reduction by MW heating 
The results given in this section can be used in an optimum control of a reduction process. 
For example, the conversion fraction at a certain reaction time can be adjusted by the 
proper combination of the compacting pressure, the mixing weight ratio of tin ore to char 
and the particle size distributions of tin ore and char. The conversion rate is mainly 
affected by the compacting pressure and mixing weight ratio while the position (reaction 
time) of the inflexion point is mainly affected by the particle size distributions of tin ore 
and char. 
§ 6.6 Conclusions 
The conclusions which emerge from the present investigation can be summarized as 
1. The reduction of tin ore/Auschar composites can be satisfactorily conducted by 
microwave heating. 
2. The reduction of tin ore/ Auschar composites by microwave heating is a combined 
physical and chemical process in which the reduction products change with heating time 
and temperature. 
3. There is a "sudden drop", or in other words inflexion point, in the reduction 
characteristic curves, respectively. This result may be attributed to the conversion of the 
gas product of first stage (low temperature), C02, in to CO at the critical temperature. 
However, further study is necessary to verify this explanation. 
4. The higher the conversion fraction corresponding to the inflexion point, the greater the 
magnitude of the drop is. 
5. The role played by gas diffusion in the reduction of tin ore/char composites by 
microwave heating is not as important as that by gas heating. Consequently, the increase 
of the compacting pressure used to make samples, as it can improve the contact conditions 
among the tin ore and char particles, will increase reduction rate. 
6. Similarly, the increase of mixing ratio of Sn02 to C can increase reduction rate. 
7. The conversion fraction corresponding to the inflexion point and the magnitude of the 
drop increase with the increase of the compacting pressure and mixing ratio. 
8. The reduction is also affected by the particle size distributions of tin ore and char. 
Decreasing the particle size of coal char, or increasing the particle size of tin ore can move 
the whole Fr-t curve to the right and at the same time raise it slighdy. 
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Appendix A - Experimental Results of the 45 Experiments 
Listed in Table 3.7 
Table 1: Experiment 1 (r=0.08853) 
Sample Weight Reaction Time Tin Produced Fr 
(g) (min.) (g) 
23.6 1.00 1.25 0.077 
23.6 3.00 3.48 0.214 
23.6 5.00 5.37 0.330 
23.6 7.00 6.67 0.410 
23.6 9.00 8.37 0.514 
23.6 13.00 10.55 0.648 
23.6 15.00 11.40 0.700 
23.6 17.00 12.11 0.744 
23.6 20.00 13.00 0.799 
Table 2: Experiment 2 (r=0.08221) 




23.6 10.86 9.82 0.603 
23.4 9.55 9.05 0.556 
23.5 1.00 1.32 0.081 
23.6 2.12 2.69 0.165 
23.6 3.05 3.71 0.228 
23.6 4.26 4.95 0.304 
23.6 7.33 7.55 0.464 
23.6 12.00 10.18 0.625 
23.6 14.00 10.84 0.666 
Table 3: Experiment 3 (r=0.08001) 






































2 3 . 3 1.17 1.03 0 . 0 7 0 
2 3 . 3 2 . 1 0 1 .76 0 . 1 2 2 
2 3 . 3 3 . 0 6 2 . 7 2 0 . 1 8 8 
2 3 . 3 4 . 6 7 3 . 6 3 0 . 2 5 1 
2 3 . 3 7 . 1 9 5 .21 0 . 3 6 0 
2 3 . 3 10 .55 6 . 9 4 0 . 4 8 0 
2 3 . 3 1 2 . 0 0 7 . 5 9 0 , 5 2 5 
2 3 . 3 1 6 . 0 0 9 . 1 1 0 . 6 3 0 
2 3 . 3 2 0 . 0 0 10.41 0 . 7 2 0 
Table 5: Experiment 5 (r=0.06916) 
Sample Weight (g) Reaction Time (min.) Tin Produced (g) 
Fr 
23.4 1.09 1.17 0.073 
23.4 2.00 2.07 0.129 
23.3 3.03 3.04 0.189 
23.3 6.18 5.59 0.348 
23.3 8.18 6.94 0.432 
23.3 16.72 11.01 0.685 
23.4 12.90 9.48 0.590 
Table 6: Experiment 6 (r=0.05884) 






























Table?: Experiment7 (r=0.06279) 
Sample Weight 
(g) 
Reaction Time (min.) Tin Produced (g) 
Fr 
24.0 1.05 0.98 0.066 
24.0 2.08 1.88 0.126 
24.0 3.03 2.65 0.178 
24.0 3.81 3.25 0.218 
24.0 6.50 5.11 0.343 
24.0 10.00 7.09 0.476 
24.0 12.00 8.02 0.538 
24.0 14.00 8.63 0.579 
24.0 20.00 10.20 0.685 
Table 8 ¡Experiment 8 (r=0.05502) 

































Table 9: Experiment 9 (r=0.05827) 
Sample Weight (g) Reaction Time (min.) Tin Produced (g) Fr 
23.4 14.52 9.26 0.574 
23,4 20.87 11.41 0.707 
23.4 17.55 10.37 0.643 
23.6 11.64 7.93 0.491 
23.4 6.37 5.03 0.312 
23.4 3.11 2.69 0.167 
23.5 1.59 1.44 0.089 
23.4 1.13 1.03 0.064 
23.4 24.12 12.23 0.758 
23.4 30.00 13.25 0.821 




































Table 11: Experiment 11: (r=0.03965) 
Sample Weight (g) Reaction Time (min.) 
Tin Produced 
(g) Fr 
23.5 1.08 0.61 0.042 
23.5 2.05 1.14 0.078 
23.6 4.05 2.16 0.148 
23.6 8.17 4.04 0.277 
23.3 12.01 5.53 0.379 
23.6 15.07 6.56 0.450 
23.3 19.58 7.88 0.540 
Table 12: Experiment 12 (r=0.04515) 
Sample Weight (g) 
Reaction Time 
(min.) 

























Table 13: Experiment 13 (r=0.03992) 
Sample Weight (g) Reaction Time (min.) Tin Produced (g) Fr 
23.6 1.25 0.79 0.049 
23.5 2.15 1.36 0.082 
23.5 3.00 1.87 0.115 
23.7 4.05 2.48 0.152 
23.6 7.48 4.29 0.263 
23.6 4.95 2.98 0.183 
23.6 11.34 6.04 0.371 
23.6 16.00 7.81 0.480 
23.6 20.00 8.77 0.539 
Table 14: Experiment 14 (r=0.03353) 
Sample Weight (g) Reaction Time (min.) Tin Produced (g) Fr 
23.9 1.35 0.77 0.047 
23.9 2.40 1.35 0.082 
23.9 3.60 1.99 0.120 
23.9 6.00 3.18 0.193 
23.9 10.00 4.96 0.301 
23.9 14.00 6.48 0.393 
23.9 16.00 6.94 0.421 
23.9 20.00 7.65 0.464 
Table 15: Experiment 15 (r=0.03142) 
Table 16 rExperiment 16 (r=0.01680) 
Sample Weight Reaction Time Tin Produced Fr 
(g) (min.) (g) 
23.4 2.19 0.78 0.054 
23.4 5.00 1.84 0.127 
23.4 10.00 3.40 0.234 
23.4 16.00 4.82 0.332 
23.4 24.12 8.50 0.585 
23.4 30.00 8.72 0.600 




23.6 1.11 0.28 0.019 
23.6 2.03 0.49 0.034 
23.2 3.30 0.78 0.054 
23.2 7.12 1.63 0.113 
23.2 10.19 2.32 0.158 
23.2 13.10 2.90 0.198 
23.2 15.00 3.30 0.229 
23.2 20.00 4.12 0.286 
Table 17 rExperiment 8=17 (r=0.0277) 
Sample Weight (g) Reaction Time (min.) Tin Produced (g) 
Fr 
23.3 1.00 0.39 0.027 
23.3 2.00 0.78 0.054 
23.3 3.00 1.16 0.080 
23.3 4.00 1.52 0.105 
23.3 8.00 2.88 0.199 
23.3 13.00 4.38 0.303 
23.3 18.00 5.69 0.393 
23.3 20.00 6.16 0.426 
Table 18 rExperiment 18 (r=0.02480) 





























Table 19 lExperiment 19 (r=0.02847) 
Sample Weight (g) Reaction Time (min.) 
Tin Produced (g) Fr 
23.6 1.00 0.50 0.031 
23.6 3.25 1.56 0.096 
23.6 5.50 2.56 0.157 
23.6 8.00 3.58 0.227 
23.6 10.50 4.53 0.278 
23.6 13.37 5.54 0.340 
23.6 16.00 6.05 0.371 
23.6 20.00 6.51 0.400 
Table 20 ¡Experiment 20 (r=0.03453) 
Sample Weight (g) Reaction Time (min.) 
Tin Produced (g) Fr 
23.5 1.00 0.82 0.051 
23.5 3.24 1.73 0.107 
23.5 4.34 2.27 0.140 
23.5 5.45 2.80 0.173 
23.5 7.50 3.72 0.229 
23.5 10.00 4.76 0.293 
23.5 12.00 5.77 0.356 
23.5 14.00 6.16 0.380 
Table21 :Experiment21 (r=0.03215) 





23.4 1.14 0.54 0.037 
23.4 2.13 0.99 0.068 
23.3 3.20 1.45 0.100 
23.5 5.17 2.47 0.157 
23.5 8.42 3.52 0.243 
23.5 12.00 4.76 0.328 
23.5 15.00 5.68 0.391 
23.5 20.00 6.71 0.462 
Table 22 lExperiment 22 (r=0.05082) 
Sample Weight (g) Reaction Time (min.) 
Tin Produced (g) Fr 
24.0 1.33 1.00 0.068 
23.9 2.40 1.75 0.119 
23.8 3.60 2.55 0.173 
23.9 4.51 3.12 0.211 
23.8 5.55 3.70 0.251 
23.6 7.10 3.67 0.312 
23.6 10.00 5.99 0.409 
23.6 12.67 6.87 0.469 
23.6 14.00 7.32 0.500 




(min.) Tin Produced (g) Fr 
23.3 1.00 0.90 0.056 
23.3 2.06 1.80 0.112 
23.3 4.05 3.35 0.208 
23.3 7.12 5.41 0.337 
23.3 10.00 7.05 0.438 
23.3 15.07 9.34 0.581 
23.3 20.00 11.01 0.685 
Table 24 lExperiment 24 (r=0.05800) 






























Table 25 :Experiment 25 (r=0.05117) 
Sample Weight Reaction Time Tin Produced Fr 
(g) (min.) (g) 
Table 26 -.Experiment 26 (r=0.06414) 
23.6 1.11 0.79 0.054 
23.6 2.00 1.39 0.095 
23.6 3.18 2.15 0.147 
23.6 5.00 3.24 0.221 
23.6 8.00 4.82 0.329 
23.6 10.00 5.76 0.393 
23.6 12.00 6.59 0.450 
23.6 14.87 7.56 0.516 
23.6 16.42 8.70 0.594 
Sample Weight Reaction Time Tin Produced Fr 
(g) (min.) (g) 
23.3 1.10 0.98 0.068 
23.3 2.50 2.14 0.148 
23.3 4.16 3.39 0.234 
23.3 9.00 6.34 0.438 
23.3 13.43 8.35 0.578 
23.3 17.87 9.86 0.682 
Table 27 lExperiment 27 (r=0.06861) 
Sample Weight (g) Reaction Time (min.) Tin Produced (g) Fr 
23.6 1.00 1.11 0.068 
23.6 2.08 2.28 0.140 
23.6 2.83 3.01 0.185 
23.6 3.64 3.76 0.231 
23.6 5.50 5.34 0.328 
23.6 7.50 6.82 0.419 
23.6 10.00 8.38 0.515 
23.6 12.00 9.16 0.563 
23.6 14.00 9.67 0.594 
Table 28 :Experiment28 (r=0.06631) 
Sample Weight (g) Reaction Time (min.) 
Tin Produced (g) Fr 
23.7 1.06 1.58 0.097 
23.7 2.38 2.45 0.150 
23.7 2.93 2.96 0.181 
23.7 3.70 3.64 0.223 
23.7 6.50 5.85 0.358 
23.7 10.00 8.08 0.494 
23.7 14.87 10.37 0.634 
23.7 16.42 10.63 0.650 
Table 29 lExperiment 29 (r=0.07651) 
Sample Weight (g) Reaction Time (min.) Tin Produced (g) Fr 
23.6 1.06 1.20 0.082 
23.6 2.00 2.18 0.149 
23.6 2.87 3.02 0.206 
"3.6 3.86 3.91 0.267 
23.6 6.50 5.96 0.407 
23.6 10.00 8.10 0.553 
23.6 12.00 9.06 0.619 
23.6 14.87 9.93 0.678 
23.6 16.42 10.17 0.694 
Table 30 rExperiment 30 (r=0.07710) 
Sample Weight (g) Reaction Time (min.) 
Tin Produced (g) Fr 
23.5 1.06 1.20 0.082 
23.4 2.37 2.54 0.175 
23.4 3.45 3.54 0.244 
23.4 4.83 4.71 0.324 
23.4 7.33 6.51 0.448 
23.4 10.00 8.07 0.555 
23.4 12.07 9.07 0.624 
23.4 20.00 11.42 0.786 
23.4 25.00 12.29 0.846 
TableSl :Experiment31 (r=0.07026) 
Sample Weight (g) Reaction Time (min.) 
Tin Produced (g) Fr 
23.4 7.514 6.99 0.433 
23.3 9.221 8.10 0.502 
23.4 12.31 9.76 0.605 
23.3 1.01 1.19 0.074 
23.6 2.06 2.32 0.144 
23.7 3.17 3.39 0.212 
23.6 4.50 4.65 0.288 
23.6 15.00 11.00 0.682 
23.6 20.00 11.52 0.714 
Table 32: Experiment 32 (r=0.081890) 
Sample Weight (g) Reaction Time (min.) 
Tin Produced (g) Fr 
23.3 1.33 1.75 0.109 
23.3 2.35 2.97 0.185 
23.3 3.07 3.76 0.234 
23.3 4.23 4.95 0.308 
23.3 7.33 6.82 0.471 
23.3 8.23 7.57 0.511 
23.3 10.66 9.71 0.604 
23.3 12.66 10.72 0.667 
23.3 15.07 11.68 0.727 
23.3 20.00 12.41 0.773 
Table 33 : Experiment 33 (r=0.09556) 
Table 34 : Experiment 34 (r=0.04524) 




23.6 1.00 1.42 0.091 
23.6 3.00 3.88 0.249 
23.6 5.00 5.92 0.380 
23.6 7.00 7.61 0.488 
23.6 9.00 8.99 0.577 
23.6 13.00 11.11 0.713 
23.6 15.00 11.87 0.762 
23.6 17.00 12.52 0.803 
23.6 20.00 13.28 0.852 




23.6 1.25 0.76 0.049 
23.5 2.15 1.27 0.082 
23.5 3.00 1.78 0.115 
23.7 4.05 2.32 0.152 
23.6 7.48 4.10 0.263 
23.6 4.95 2.85 0.183 
23.6 11.34 5.78 0.371 
23.6 16.00 7.48 0.480 
23.6 20.00 8.40 0.539 
Table 35: Experiment 35 (r=0.9258) 
Sample Weight (g) Reaction Time (min.) Tin Produced (g) 
Fr 
23.7 0.61 0.86 0.055 
23.6 1.12 1.53 0.098 
23.7 2.24 2.93 0.187 
23.8 4.38 5.23 0.333 
23.8 5.69 6.44 0.410 
23.8 7.11 7.58 0.482 
23.8 7.76 8.05 0.512 
23.8 8.09 8.28 0.527 
23.8 11.50 10.30 0.655 
23.8 16.00 12.15 0.773 
23.8 20.00 13.25 0.843 
Table 36: Experiment 36 (r=0.06585) 
Sample Weight (g) Reaction Time (min.) Tin Produced (g) 
Fr 
23.6 1.05 1.08 0.069 
23.4 2.00 1.95 0.126 
23.4 4.10 3.74 0.242 
23.7 6.11 5.32 0.338 
23.5 12.00 8.57 0.555 
23.4 8.51 6.75 0.437 
23.4 16.00 10.31 0.667 
23.4 20.00 11.07 0.716 
Table 37: Experiment 37 (r=0.07512) 
Sample Weight (g) Reaction Time (min.) Tin Produced (g) 
Fr 
23.3 1.00 1.17 0.072 
23.3 2.00 2.26 0.139 
23.3 4.00 3.64 0.224 
23.3 5.00 4.47 0.275 
23.3 12.00 8.20 0.504 
23.3 16.40 9.91 0.609 
23.3 20.00 10.74 0.660 
23.3 22.00 10.03 0.678 
Table 38: Experiment38 (r=0.05241) 
Sample Weight (g) Reaction Time (min.) 
Tin Produced (g) Fr 
23.3 1.01 0.65 0.052 
23.3 2.00 1.24 0.100 
23.3 4.01 2.35 0.190 
23.3 5.00 2.86 0.231 
23.3 10.00 5.06 0.408 
23.3 12.00 5.79 0.467 
23.3 16.40 7.15 0.577 
23.3 20.00 7.91 0.638 
23.3 25.00 8.28 0.668 
Table 39: Experiment 39 (r=0.07015) 




23.6 2.00 2.04 0.131 
23.6 4.00 3.81 0.245 
23.6 6.01 5.36 0.344 
23.6 8.00 6.70 0.430 
23.6 10.00 7.87 0.505 
23.6 14.00 9.75 0.626 
23.6 18.00 10.60 0.680 
23.6 20.00 10.91 0.700 
Table 40: Experiment 40 (r=0.05703) 
Sample Weight (g) Reaction Time (min.) 
Tin Produced (g) Fr 
23.6 1.00 0.86 0.055 
23.6 3.00 2.45 0.157 
23.6 5.00 3.87 0.248 
23.6 7.00 5.13 0.329 
23.6 9.00 6.25 0.401 
23.6 13.00 8.16 0.524 
23.6 15.00 8.96 0.575 
23.6 17.00 9.68 0.621 
23.6 20.00 10.36 0.665 
Table 41: Experiment 41 (r=0.05746) 
Sample Weight (g) Reaction Time (min.) Tin Produced (g) Fr 
23.3 1.00 0.86 0.056 
23.3 2.06 1.78 0.116 
23.3 4.05 3.20 0.208 
23.3 7.12 5.12 0.333 
23.3 10.00 6.73 0.437 
23.3 15.07 8.91 0.579 
23.3 20.00 9.43 0.613 
Table 42: Experiment 42 (r=0.06813) 


























Table 43: Experiment 43 (R=0.07642) 
Sample Weight (g) Reaction Time (min.) 
Tin Produced (g) Fr 
24.1 0.79 0.93 0.058 
24.0 1.10 1.36 0.086 
23.9 2.19 2.44 0.154 
23.8 3.36 3.58 0.226 
24.0 4.18 4.34 0.274 
23.9 4.68 4.77 0.301 
23.6 5.02 5.04 0.318 
24.0 5.64 5.54 0.350 
24.0 10.00 8.46 0.534 
24.0 7.00 6.57 0.414 
24.0 14.00 10.41 0.657 
24.0 12.67 9.83 0.620 
Table 44: Experiment 44 (R=0.07643) 




24.0 1.00 0.79 0.050 
23.9 2.00 1.89 0.120 
23.8 4.00 3.75 0.235 
23.9 6.00 6.35 0.400 
23.6 8.00 7.28 0.453 
24.0 10.00 5.62 0.525 
24.0 12.00 8.32 0.551 
24.0 14.00 8.32 0.652 
24.0 16.00 11.08 0.699 
24.0 18.67 11.41 0.720 
24.0 20.00 11.90 0.751 
Table 45: Experiment 45 (R=0.07642) 
Sample Weight (g) Reaction Time (min.) Tin Produced (g) Fr 
24.1 1.00 0.67 0.042 
24.0 3.00 3.18 0.200 
23.9 5.00 4.77 0.300 
23.8 7.00 6.41 0.403 
24.0 9.00 8.29 0.521 
23.9 11.00 8.77 0.551 
23.6 13.00 10.22 0.642 
24.0 15.00 10.66 0.670 
24.0 17.00 11.21 0.704 
24.0 19.00 11.75 0.738 
Appendix B - Basic Program for Regression Analysis 
This is a step wise multiple linear regressive program. It was used for regressive analysis 
of experimental results of Chapter 4. In this program, N is the number of data, i.e., 
number of experiments, P is the number of items in the regressive equation and FI is the 
precision of regression. 
lOPRINT 
20DATA 20, 45 "MINFACTOR" 
30DATA "EXPERIMENTAL CONDITIONS FROM TABLE 3.7" 





570REM STEP DOWN MULTIPLE LINEAR REGRESSION 
580READ P, N, FI, A$ 
590M=P+1 :EP=IE-8: ER=IE+10 
600DIM X(N, M), A(M, M), XM(M), XY(M), L(N), E(N), F(P), T(P), B(P) 
610FOR 1=1 TON 
620FOR J=1 TO 5 
630READ Xa, J) 
640NEXT J 
650X(I, 6)=X(I, 1)*X(1, 1) 
660X(I, 7)=X(I, 1)*X(I, 2) 
670X(I, 8)=X(I, 1)*X(I, 3) 
680X(I, 9)=X(I, 1)*X(I, 4) 
690X(I, 10)=X(I, 1)*X(I, 5) 
710X(I, 11)=X(I, 2)*X(I, 2) 
720X(I, 12)=X(I, 2)*X(I, 3) 
730X(I, 13)=X(I, 2)*X(I, 4) 
740X(I, 14)=X(I, 2)*X(I, 5) 
760X(I, 15)=X(I, 3)*X(I, 3) 
770X(I, 16)=X(I, 3)*X(I, 4) 
780X(I, 17)=X(I, 3)*X(I, 5) 
800X(I, 18)=X(I, 4)*X(I, 4) 
810X(I, 19)=X(I, 4)*X(I, 5) 
830X(I, 20)=X(I, 5)*X(I, 5) 
860READ X(I, M) 
870NEXT I 
880PR1NT "*** MEAN 
890FOR J=I TO M 
900C=0 




950PRINT "XM(";J;")="; XM(J), 
960NEXT J 
970FOR 1=1 TO M 
980FOR J=1 T O M 
990C=0 
lOOOFOR T=1 TON 
1010C=(X(T, I)-XM(I))*(X(T, J)-XM(J))+C 
1020NEXTT 




1070FOR K=1 TO P 
1080ABS(A(K, K))>EP THEN 1150 
1090FOR I=K+1 TO P 
llOOIF ABS(A(I, K))>EPTHEN 1140 
lllOiNEXTI 
1120PRINT "NO UNIQUE SOLUTION OR NO SOLUTION" 
1130GOTO 186G 
1140 GOSUB 1260 
1150C=1/A(K, K) : H=0 
1160FOR J=1 T O M 
1170D=C*A(K, J) 
1180FOR 1=1 T O P 
1190IF I< >K AND J< >K THEN A(I, J)=A(I, J)-A(I, K)*D ELSE IF 
I=K AND J=K THEN A(K, K)=C ELSE IF J< >K THEN A(K, J)=D 
ELSE E(I)=-A(I, K)*C 
1200NEXTI:NEXTJ 
1210FORI=1 T O P 




1260FOR J = 1 T 0 M 
1270B=A(K, J) 















1430IF A$="M1NFACT0R" GOTO 1450 




1480FOR 1=1 TO P 
1490IF AG, J)=0 THEN Fa)=lE+38: GOTO 1540 ELSE 1500 
1500Ta)=A(I, M)/SGM/SQR(A(I, I)) 
1510Fa)=T(I)*T(I) 









1 6 I O F O R J = K + I T O P 
1620IF F(K)<F(J) TOEN 1640 
1630K=J 
1650IF F(K)>FI THEN 1770 
1660FOR 1=1 T O P 
1670FOR J = 1 T 0 M 




1710FOR 1=1 T O P 
1720FOR J=1 TOM 





1780FOR J=1 T O N 
1790L(J)=BO 




1840PRINTTAB(3);J;TAB(17); X(J, M); TAB(31); L(J); TAB(45); E(J) 
1850NEXTJ 
1860RETURN 
Appendix C-Experimental Results of the Reduction 
of Tin Ore/Char by MW Heating 
Table 1: (Compacting Pressure=0, Mixing Weight ratio=10.2, Size(-125iim) 
Sample Wt. Temperature Reaction Time Tin Produced Weight Loss 
(g) C (min.) (g) (g) Fr 
22.9 338 2.0 0.00 1.01 0.000 
22.9 735 4.0 0.80 1.70 0.050 
22.8 762 6.0 1.95 2.50 0.126 
22.7 939 8.0 4.14 3.40 0.268 
22.8 1090 10.0 7.81 4.42 0.505 
22.9 668 3.0 0.51 1.44 0.033 
22.8 810 5.0 0.77 1.91 0.050 
22.7 485 2.0 0.26 1.22 0.017 
22.9 1020 9.0 5.98 3.93 0.387 
23.0 786 4.5 1.41 2.40 0.091 
Table 2: (Compacting Pressure=6, Mixing Weight ratio= 10.2, Size(-125}J.m) 
Sample Wt. Temperature Reaction Time Tin Produced Weight Loss (g) C (min.) (g) (g) 
Fr 
22.9 570 2.0 1.07 1.3 0.069 
22.9 733 4.0 3.17 2.6 0.205 
22.8 843 6.0 8.95 4.2 0.576 
22.7 960 8.0 11.11 4.8 0.715 
22.8 1017 10.0 13.33 6.2 0.858 
22.9 788 5.0 6.54 3.3 0.421 
22.8 914 7.0 10.50 4.5 0.676 
22.7 22.9 
802 960 
7.5 7.25 7.43 8.67 4.2 4.1 0.478 0.558 
Table 3: (Compacting pressure=5, Mixing ratio=2/3, Ml=0.3, M2=0.1) 
Fr 
(g) (min.) (g) (g) 
22.9 5.00 5.40 7.33 0.48 
22.9 8.00 5.40 7.02 0.46 
22.9 10.00 6.15 8.09 0.53 
22.8 3.00 3.00 3.20 0.21 
22.8 6.50 4.50 5.80 0.38 
22.9 12.00 6.55 7.94 0.52 
22.8 7.00 5.00 6.41 0.42 
22.7 4.00 4.05 5.19 0.34 22.9 6.00 4.02 5.65 0.37 
Table 4: (Compacting pressure=5, Mixing ratio=2/3, Ml=0.3, M2=0.5) 
Sample Wt. Reaction Time Weight Loss Tin Produced Fr 
(g) (min.) (g) (g) 
22.9 5.00 3.20 5.19 0.34 
22.9 8.00 4.40 5.80 0.38 
22.9 10.0 5.90 9.47 0.62 
22.8 3.00 1.50 2.75 0.18 
22.8 9.00 5.40 8.40 0.55 
22.9 12.00 6.30 9.77 0.64 
22.8 7.00 5.20 8.86 0.58 
22.9 6.00 4.40 6.57 0.43 
Table 5: (Compacting pressure=5, Mixing ratio=2/3, Ml=0.3, M2=1.0) 
Sample Wt. Reaction Time Weight Loss Tin Produced Fr 
(g) (min.) (g) (g) 
22.9 5.00 3.10 4.58 0.30 
22.9 9.00 3.50 5.65 0.37 
22.9 10.0 4.5 9.77 0.64 
22.8 13.00 4.80 10.23 0.67 
22.8 6.00 3.50 5.49 0.36 
22.9 7.00 4.40 7.94 0.52 
22.8 3.00 1.30 1.53 0.10 
22.9 7.50 4.60 8.86 0.58 
Table 6: (Compacting pressure=5, Mixing ratio=2/3, M2=0.3, Ml=0.1) 
Sample Wt. Reaction Time Weight Loss Tin Produced Fr 
(g) (min.) (g) (g) 
22.9 5.00 3.80 6.42 0.42 
22.9 8.00 4.40 7.64 0.50 
22.9 10.0 4.60 8.40 0.55 
22.8 6.00 4.70 8.85 0.58 
22.9 7.00 3.90 5.80 0.38 
22.8 3.00 3.00 4.28 0.28 
22.9 12.00 4.80 8.55 0.56 
Table 7: (Compacting pressure=5, Mixing ratio=2/3, M2=0.3, Ml=0.5) 
Sample Wt. Reaction Time Weight Loss Tin Produced Fr 
(g) (min.) (g) (g) 
22.9 5.00 4.50 7.94 0.52 
22.9 7.00 3.10 5.34 0.35 
22.9 9.00 5.60 9.93 0.65 
22.8 11.00 5.70 10.69 0.70 
22.8 6.00 3.00 5.80 0.38 
22.9 3.00 2.30 3.05 0.20 
22.8 8.00 5.40 8.70 0.57 
22.9 6.5 2.50 3.04 0.20 
Table 8: (Compacting pressure=5, Mixing ratio=2/3, M2=0.3, Ml=1.0) 
Fr 
(g) (min.) (g) (g) 
22.9 5.00 4.90 2.30 0.15 
22.9 6.00 4.60 4.12 0.27 
22.9 7.00 4.90 7.18 0.47 
22.9 8.00 5.60 9.16 0.60 
22.9 3.00 2.10 2.29 0.15 
22.9 10.00 5.80 10.69 0.70 
22.8 12.00 6.00 11.45 0.75 
22.9 4.00 4.20 6.87 0.45 
Table 9: (Compacting pressiire=6. Mixing ratio=2/3, Size-125|Lim) 
Sample Wt. (g) Reaction Time (min.) Weight Loss (g) Fr 
22.9 2.00 2.30 0.10 
22.9 4.00 3.70 0.32 
22.9 6.00 4.35 0.60 
22.8 7.00 5.56 0.70 
22.8 8.00 3.50 0.40 
22.9 9.00 5.45 0.58 
22.8 13.00 6.02 0.75 
Table 10: (Compacting pressiire=5, Mixing ratio=2/3, Size-125|im) 
Sample Wt. Reaction Time Weight Loss Fr 
(g) (min.) (g) 
22.9 2.00 2.00 0.08 
22.9 4.00 2.80 0.30 
22.9 6.00 4.90 0.55 
22.8 7.00 3.60 0.30 
22.8 9.00 5.00 0.46 
22.9 12.00 5.70 0.59 
22.9 5.00 4.20 0.44 
Table 11: (Compacting pressure=4, Mixing ratio=2/3, Size-125|im) 
Sample Wt. (g) Reaction Time (min.) 
Weight Loss (g) Fr 
22.9 2.00 1.40 0.05 
22.9 4.00 1.80 0.25 
22.9 5.00 2.30 0.35 
22.8 6.00 2.20 0.23 
22.8 8.00 2.50 0.30 
22.9 10.00 2.75 0.38 
22.9 12.00 2.95 0.41 
Table 12: (Compacting pressure=3, Mixing ratio=2/3, Size-125{j.m) 
Sample Wt. Reaction Time Weight Loss Fr 
(g) (min.) (g) 
22.9 3.00 1.00 0.05 
22.9 4.00 1.80 0.18 
22.9 5.00 1.60 0.10 
22.8 6.00 1.70 0.18 
22.8 8.00 1.90 0.21 
22.9 10.00 2.10 0.25 
22.9 12.00 2.40 0.31 
Table 13: (Compacting pressure=5, Mixing ratio=4/ll, Size-125iim) 
Sample Wt. Reaction Time Weight Loss Fr 
(g) (min.) (g) 
22.9 3.00 0.50 0.08 
22.9 4.00 2.00 0.20 
22.9 5.00 3.00 0.30 
22.8 5.50 2.40 0.22 
22.8 6.50 3.10 0.15 
22.9 8.00 4.00 0.30 
22.9 9.00 4.50 0.33 
22.9 11.00 5.20 0.38 
Table 14: (Compacting pressure=5, Mixing ratio=3/4, Size-125|J.m) 
Sample Wt. Reaction Time Weight Loss Fr 
(g) (min.) (g) 
22.9 2.00 0.05 0.20 
22.9 4.00 3.20 0.44 
22.9 5.00 5.55 0.54 
22.8 6.50 7.30 0.75 
22.8 7.50 3.00 0.36 
22.9 9.00 5,98 0.55 
22.9 12.00 7.54 0.80 
Table 15: (Compacting pressure=5, Mixing ratio=2/3, Size-125}J,m) 
Sample Wt. Reaction Time Weight Loss Fr 
(g) (min.) (g) 
22.9 2.00 0,04 0.08 
22.9 4.00 3.00 0.30 
22.9 6.00 5.25 0.55 
22.8 7.00 3.05 0.30 
22.8 9.00 4.59 0.45 
22.9 12.00 5.98 0.59 
22.9 5.00 4.89 0.44 
Table 16: (Compacting pressure=5, Mixing Molar ratio=2/8.3, Size-125|im) 
Sample Wt. Reaction Time Weight Loss Fr 
(g) (min.) (g) 
22.9 3.00 0.02 0.03 
22.9 4.00 1.00 0.10 
22.9 4.60 1.30 0.17 
22.8 5.80 1.00 0.04 
22.8 7.00 1.32 0.15 
22.9 8.00 1.58 0.20 
22.9 10.00 1.97 0.30 
AMbook Bindery 
9̂1 RyedalejRj 
West Ryde^ 
Phone:807 6026 
